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Abstract

The purpose of this research was to investigate the feasibility of
a new concept to accelerate projectiles to hypervelocities. The concept
uses an explosive lining inside a launch tube as a reservoir of high
pressure gas that is released by the passage of a projectile. The gas
forms a stationary reservoir that maintains a relatively constant base
pressure on the projectile through a small amount of gas that travels
with the projectile.

The research has been successful in developing new methods and
techniques of applying an explosive lining to the inside of thick-walled
tubes, measuring the velocity of projectiles, measuring the internal
pressure-time characteristics and obtaining higher velocities from

lined tubes than from unlined tubes. The theoretical and experimental

studies indicate that the lined-tube concept is not subject to the velocity

limitations of the present light gas guns. The limiting factor for the
lined-tube is the ignition and reaction rate of the explosive lining.

Extensive study has been put into thin film explosives. Tests were

developed to determine burning rates, ignition and friction characteristics,

and propellant sensitivities.
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I, INTRODUCTION

This is the final report on the investigation of the use of propellant
liner to accelerate projectiles to hypervelocities sponsored under Contract
No. NAS 9-6812 by the Manned Spacecraft Center of the NASA, The basic con-
cept of the Hypervelocity Launcher at Texas A&M University is to maintain
pressure on the base of the projectile for the entire length of the launch
tube. The pressure is maintained by providing constant energy per unit
length along a launch tube, derived from a rapid reacting propeliant
lining the inside of the launch tube., The passage of the projectile ignites
the propellant lining, which generates high pressure in the reservoir. The
accelerating reservolr in contact with the base of the prejectile will
maintain an acceleration of the projectile for the enti:e length of the

tube.

Purpoge of Hypervelocity Research

There are three important areas of study resulting from hypervelocity
research. The first area requires simulation in the laboratory of relative
velocities associated with spacecraft and cosmic particles for the study of
meteorolid damage to spacecraft and defuse against warheads. The average
velocity of meteoroids with respect to the Earth has been measured at
35.3t 0.8 Km/sec (116,000 ft/sec)l. The velocity limits of particles with
respect to the Earth lie between 11 Km/sec (36,100 ft/sec), which would be
the velocity of a particle accelerated from rest a great distance from the

Earth by the Earth's gravitational field, to 73 Km/sec (239,500 ft/sec)
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the maximum velocity for a particle in elliptical orbit about the sun .

Relative velocities of warheads and intercepting weapons could range from
20,000 to 40,000 ic/sec.
The second area concerns accelerating aerodynamic shapes to hyper-

velocities., Apollo flights returning from the moon have demonstrated

velocities in the range of 39,000 ft/sec. It has not been possible to
study aerodynamic shapes at velocities above about 25,000 ft/sec.

The third area of study deals with high pressure physics. High
energies are associated with hypervelocity impacts, which have application

in areas relating to explosives and the application of ncrlear energy.

Present Hypervelocity Status

Following World War II, 700 years after the invention of t..2 gun, the
maximum velocity of projectiles was 10,000 ft/sec. By 1960 gram size
projectile velocities had been increased to 35,000 by the use of light
gas éun. A maximum recorded velocity of 54,000 ft/sec was acnieved by
Wenzel and Gehring of General Motors, who accelerated projectile fragments,
weighing .08 grams, by shaped charges. Since 1960 the maximum velocity
with projectile integrity has only been increased to 37,060 ft/sec for
.01 gram projectiles, achieved by NASA at Ames Research Center, April 1965.

Current laboratory facilities are based either on the shock tube
concept to obtain micro second flow of, at maximum, Mach 200 past a model or
gun principles of several types. The present status of the art can be
described by the .mass-velocity graph in Figure 1 taken from a survey by
Lukasiewiz4. In the p.st four years no significant increases in velocity

have been achieved.
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Operational Hypervelocity Devices

The devices that are currently in operation to simulate hypervelocity
flights were discussed at length by RodenbergerS. These can be summarized
in the following catagories

Explosive Types

ot

Shaped Charges » Exploding foil gun7, Electrostatic

Accelerators8

Electrothermal Gung, Magnetohydrodynamic Rail~Type

Accelerator10

Magnetically Augmented Rail Gunll, a drooping square wave

linear accelerator12

A major disadvantage to all of the above approaches is that the

explosive characteristics of the device destroys any large model. Con-
sequently it is useful primarily in achieving high velocities with
fragmented projectiles for micro-sized particles. The ballistic gun-type
development has taken several paths, The evolution of the gas driven gun
has resulted in the current standard operations on the facility based on
the use of hydrogen gas. These light gas guns can accelerate models in a
working range of 18,000 to 25,000 ft/sec depending on the size and mass of
the model. These concepts are well understood and are limited theoretically
hecause of the gas dynamics sophistication in light gas guns has resulted
from the use of staging indeformable pistons. The logical extension is to
use the sabot enclosing the model as a deformable piston for its third
stage. This has been tried13 the results provided very little improvement
over efficient two-stage guns. Another logical idea that has been inves-
tigated is the use of a travelling charge to propel the projectile in a

rocket like fashion. The disadvantage to this system is a large mass ratio
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this is required to fuel to projectile to achieve even reasonable velocity14

An obvious disadvantage to this concept is a large ratio of propellant
weight to projectile weight is required. This means that a large amount

of propellant mass must be accelerated which limits the practical velocity
that can be obtained. The major problem with light gas guns and travelling
charges that the velocities are limited has resulted the expended energy to
move the propelling gas.

The continuing search for more efficient methods that led naturally
attempts to provide an additional source of energy along the launch tube.
An early attempt at this was the Hochdurckpumpe15 in Germany. This was a
cannon size device and was unsuccessful. Another unsuccessful device was
an electrical discharge device proposed by General Electricl6. A much more
successful approach has been achieved by Physirs Internation using an
explosive charge to collapse the driver section of a light gas gunl7. The
limitations to this approach are related to the limitations in detconation
velocity cf explosives although there are future potential developments
that could overcome this characteristic through the use of ignition timing.
For example, an explosive lensing system was developed18 and resulted in a
successful launch of a model in July 1969 to 12.2 km/seclg. Another pro-
posed method of obtaining higher velocities was to drive in an external
conical liner into the explosive tc control the ignition at a rate higher
than the detonation velocityzo. This has been used successfully in shock
tubes but successful projectile shots have not been made. Other approaches
to the problem of maintaining a constant base pressure on the projectile
have been suggested with iittle succeSSZl. The lined launch tube method
proposed by this research is an attempt to provide constant energy per

unit length along the launch tube by utilizing a “iner inside the launch
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tube composed of a rapid reacting propellant. This propellaat is ignited
by the passage oi the projectile to provide a timing mechanism and the
radio addition of energy is accomplished through the mechanism of the gas
expanding from the rapidly burning wall. The original concept was that
the gas from the cylinderical lining wonld form a massless piston to drive
a small reservoir of gas attached to the base of the projectile. There ic
a question whether as to such a piston would form and this is discussed
later in the report, Figure 1.2 illustrates a schematic view cf the

imploding gun concept.




1I. Theoretical Considerations

Fundamentals of tue Lined Tube Concept

The ti.cory of high speed gas driven guns has been adequately presented
by SeigelZI. He developed mathematical relations for several types of
high speed guns with various reservoir conditions. Most of the operational
guns today operate on the chambered reservoir concept. Seigel shows that
the maximum achievable velocity for light gas guns is three times the speed
of sound of the driving gas. This velocity is in the order of 35,000 fps.

To improve the performance of guns Seigel recommends the constant
base pressure concept. The imploding tube concept of Physics International19
and the Lined Tube concept of Texas A&M are constant base pressure types
currently under development.

Figure II.1 illvstrates the model .of the Lined Tube concept. The
projectile with a velocity Up ignites the propellant. There is an ignition
delay time associated with ignition. During this delay time the projectile
moves a distance AX. At ignition the propellant releases a gas in the
radial direction. The properties of the radial imploding gas are Po’ T,

(o]

Vx = 0, Vr . The gas has zero velocity in the axial direction. There
o o

exists another region of gas bounded by the projectile, the walls of the
launch tube and the conical boundary. The gas in this region is moving

at the same velocity as the projectile, Up. The gas in this region has

no radial velocity component. At the conical boundary there is a velocity

discontinuity, however there is no pressure shock wave. The pressures in




LAUNCH TUBE WALL
PROPELLANT

r Po
! x To
Vio
Vx°=0
I——Ax—— PROJECTILE

II.1 Model of Projectile




the two regions vary across the velocity boundary, but the pressure
distribution is continuous.

It is assumed that the conical boundary formed by the radial imploding
gas constitutes a massless piston, which drives the gas in the traveling
reservoir section.

To obtain a better understanding of the lined tube concept considerable
effort has been applied to theoretical stvdies. Ignition delay studies
were performed to determine velocity limitations. A simple mathematical
model was formulated to determine the distance required to achieve given
final velocities versus acceleration. The model was also used to determine
the pressure required to obtain the desired acceleratimrns. A discussion
of this model is presented in the next chapter under the section entitled
"Pressure Requirements'., More sophisticated mathematical models were
formulated both for ore-dimensional and two~dimensional finite difference
computer model cases. These models were used for parametric studies of

parameters capable of being experimentally altered.

Velocity Limitations Due to Ignition Delay Time

One effect of the ignition lag time or distance behind the projectile
is to increase the amount of gas that must be accelerated with the
projectile, This added mass results in a reduced ascceleration and
resultant velocity for a given travel., To investigate this effect, it is
assumed that the projectile friction is negligibie and that a constant
base pressure, Po’ is maintained,

Using Newton's law

&
]
=i

where F is the pressure times the area of the projectile and M is the
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combined mass of the projectile and the traveling reservoir,

P 2
a= 4OM" 3 oVt nD2
P i
a=%% =Zb04 + pV1
Db i
nDz

Integrating in terms of velocity

Vo um
S [-—2-2 + pVrt ]dv=j P g dt
i o
V kis)) t,
but dt = S8
v

Therefore

V2 um
5 [-—2-+ pVT, jdv = ; Pog
V mD

or

2 M v 2 2
- j [—-E— + oVt ]dv =Pg } ds

Integrating and simplifying

v.2 =3 [pg(s. -5.) - b
2 T ot, YoB'W2 T %1 2
i 7D

2 2 3
(V2 —Vl )] +V1

which gives the relationship of velocity to constant valves of ignition

lag time, e This equation is plotted in Figure II.2 for the following
valves:
- Po = 20,000 psi

g=32,1741b

. b 2
Zz sec




M =

150 mg

)
n

.250 inch

1.56 1b

ft3

lapse time in microseconds

k=]
L]

iy
n

Velocity Limitations Due to Constant Ignition Lag Distance

To obtain the velccity variation related to a constant igniticn lag
distance Xi’ which can possibly be controlled by a mechanical igniter

system, the derivation is the same as in the previous case noting that

Xi =V Ty
P
a9y __og
dt &M
—2 4P %
2
D

Integrating as before gives:

2P

= [(—2B_
V2 [(4M )s2 + Vv
+ pX

2:%
1 ]

2

nD 1

Using the same parameters as in the previous case the equation is

plotted in Figure II.3,

Mathematical Models of thgrLined Tube Concept One—Dimengipnal Mcdel -~ A

one-dimensional model for the computer analysis of the gas dynamic process
operative in a propellant lined launch tube has been formulated. The
differential conservation equations and boundary conditions were transformed
into a projectile oriented coodinate system since certain difficulties in
numerical computation are avoided by this technique. The resulting
equations were written in finite-~difference form and programmed for the

IBM 360-65 computer.
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The propellant lined gun problem for the one~dimensional case is
basically a modified unlined gun problem which takes into account the mass
input due to burning. The choice of which form of equations to be used
in the model should then be based on its ability to handle mass injection.
Eulerian and Lagrangean forms of equations are those most commonly used
for the calculation of time dependent flow problems. Because of the problem
of keeping track of mass points due to the addition of mass from the wall,
the Lagrangean form does not lend itself well to the solution of the
propellant lined situation. The Eulerian form of equations is then the
form that is best suited in the calculations.

One major assumption is made in deriving the equations. The assumption
is that there will be an instantaneous total mixing of the gas in the tube
with the burned propellant. This is done in order to simplify the calcu-
lations and reduce the program run time,

One problem is encountered when casting the equations in finite
difference form. The problem is that finite difference methods cannot
handle calculations which involve large, local variations in the dependent
variables. The method that is used to avoid this problem is that which
is suggested by F, W, Walkerzz. This method involves altering the equations
so that the discontinuities are "blurred" into regions where all flow
variables are continuous, but rapidly changing. This procedure smooths
the discontinuity over several segments and thereby enables the finite
difference technique to handle the problem.

The coordinate system used in the model is attached to the projectile
in order to calculate accurately the base pressure on the projectile. This
means that the coordinate system is accelerating and certain inertia terms

produced which must be taken into account, This is done by deriving a




transformation equation which converts the governing equations from

stationary laboratory coordinates to accelerating projectile coordinates.
In this way the inertia terms will be properly represented.
The assumptions made in this model are as follows:
The gun has an infinite reservoir at a constant pressure.

2. Boundary layer effects in the tube are negligible.

3. The projectile starts from rest at some initial displacement.

4, The region in front of the projectile is a perfect vacuum,

5. The friction drag acting on the projectile has a constant value.

6. The tube inlet conditions are assumed to be similar to a convergent

nozzle of infinite area and zero velocity.

Due to the large number of parameters associated with the propellant
lined gun, many types of cases are possible. The model, therefore, was
written in a general manner so as to be able to calculate all of these
cases. By varying the assoclated parameters, one can gain insight into
such things as best projectile starting position, best propellant thickness,
and best burning rate. The various types of runs of the unlined type are
infinite chamberage gun, unchambered gun, displaced start, and traveling
reservoir. The runs in the lined group are constant burning rate and
pressure dependent burning rate.

The results of this program have been checked whenever possible with
established results such as those appearing in AGARDOGRAPH 91, The Theory

of High Speed Guns. However, there are many features in this program which

can not be verified directly.
Since a number of the results violate what one would intuitively
expect, certain aspects of this program were suspect. In particular, the

mathematical transformation was questionable in its ability to handle the
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buming propellant in an unsteady situation. In addition, the boundary
condition at the breech of the launch tube seemed to give results which
are experimentally unattainable. At very high burning rates, the results
indicate that the projectile base pressure remains constant or increases
which would indicate a computational difficulty in the projectile boundary
condition.

Although the one-dimensional model is capable of duplicating published
results for unlined launch tubes, the transformation of those equations
involving mass, momentum and energy addition could not be verified. There-
fore, a second program was developed which solves congervation equations
without transformation. Although the moving boundary at the projectile
causes severe errors at high velocities, this program has proved to be
invaluable in the verification of certain aspects of the program previously
described.

In order to establish confidence in this second program, a number of
results are presented here as Figures II.4, II,5, and II.6. The projectile
velocity at each point along the barrel is shown in Figure II.4 for no
burning and a finite reservoir. This result is significant for two reasons.
First, it is in agreement with the non-dimemsional results produced by
Seigel in Agardograph 91. The results were obtained by assuming those
reservoir conditions which would yield a ratio of reservoir mass to
projectile mass of one (G/M = 1). Therefore, the code, with the exception
of those terms involving burning is verified. Secondly, it should be
noted that this result predicts a projectile velocity of 3000 ft/sec at
6 inches and 3500 ft/sec at 66 inches of travel. These results are in
basic agreement with the observed data obtained for unlined tubes in the

Hypervelocity Laboratory. It can be safely concluded that the cartridge
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used to launch projectile in the Hypervelocity Laboratory may be adequately
modeled as a bore sized chamber of air (y = 1.4) one inch long, with

initial pressure and temparature of 10,000 psi and 2325°R, respectively.

A second set of results are presented in Figure II.5 which tend to
lend credence to, or at least explain why, diverse opinions exist as to
the feasibility of this concept. Here the non-dimensional velocity is
shown as a function of non-dimens‘onal projectile travel for both the
unlined tube and liners of typical rocket propellants with known properties.
Both propellants are characterized by a burning rate which is senitive to
the pressure, according to the power law:

r=5> pn

The appropriate constants are given by Huggett, et al. in Solid Propellant

Rockets, as shown in the following table:

BURNING RATE PRESSURE INDEX TEMPERATURE
PROPELLANT (in/sec @ 2000 psi) (@ 2000 psi) (°R)
JPN Ballistite 1.02 0.73 6000
Composite A 1.95 0.45 6000

It should be noted that the addition of gases from these propellants
yields an insignificant improvement in projectile velocity.

A third set of analytical results is presented in Figure II.6. The
nondimensional velocity is shown as a function of non-dimensional projectile
travel for two different rates of mass addition, pr, and a variety of
temperatures. It is interesting to note that not only significant im-
provement may be achieved with the addition of the right propellant, but
severe degradation will result if the added gas is not sufficiently
energetic. In addition it should be noted that the rate of mass addition

will affect only the magnitude of the improvement or degradation of the
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EFFECT OF TYPICAL ROCKET PROPELLANT
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EFFECT OF PROPELLANT TEMPERATURE AT
CONSTANT BURNING RATE
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system whereas the temperature (or energy) of the added gas relative to
the stagnation conditions already there, will determine whether or not
improvement should be anticipated.

A fourth set of results produced by the one~dimensional model indicated
that complete mixing of the burned propellant with the gas in the tube will
prevent operation of the lined tube concept, The model produced a limit
to velocity because it assumed that gas from the walls completely filled
cells each cycle. However, this is physically impossible at high velocities,

Therefore the complete mixing assumption is invalid for high velocities.

Two-Dimensional Model

Iu order to obtain more accurate mathematical predictions of the
process to allow parametric studies, a two-dimensional mathenatical wodel
was developed to study the gas interaction for a short distance behind
the projectile. The model could not be used to obtain a complete lawmch
run because of the large amount of core storage and computing time required.
Some initial runs of the two-dimensional model at low projectile velocity
indicates the gas produced by the burning propellant can in~rease the base
pressure on the projectile. A sample run is shown in Figures II.7 to II.1l4.
The problem starts with the burning of the propellant when the projectile
has a velocity of 3000 feet per second with a uniform field pressure of
2000 psi and a velocity equal to the projectile. The burning is assumed
to generate gas at 50,000 psi (pressure ratio of 25) with zexo veloccity,

The plots c™ow the pressure ratios at various times and time planes. The
boundary indicated by 1 is the leading edge of the shock disturbance and
is indicative of the degree of blurring in the model. The plots indicate

that waves can travel from the cyiinder walls te the center and back in

4 mlicroseconds.
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Two-Dimensional Pressure Plots
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The two-dimensional model requires that an artificial dissipative or
blurring term be introduced in the mathematical scheme. This term handles
discontinuities or rapidly changing functions. The term can be used to
represent a shock in a fluid flow. Unfortunately the tlurring term must
be established by the programmer, therefore the intensity of the shock
discontinuity can be varied or even obliterated., The discontinuity boundary
in the physical system is one of the extremely questionable areas and the
boundary will require a different type of mathematical model. The two-
dimensional mathematical model was very helpful in determining gas inter-
actions for short distances behind the projectile. Since the model could
not be used to represent the entire gun system more effort was put into

the study of the one-dimensional mathematical model.

Reservoir Pressure Calculations

The reservoir pressure was examined by John B. Watson, Dr. Stephen
P. Gill and Gerry Steel of Physics International. A model of the reservoir
cone was formulated for three conditions. By investigating the pressures
in the reservoir the limiting velocities could be predicted for the lined
tube concept.,

-

Zero Mass Addition Model - The first performance model proposed is called

the zero mass addition model. In this model an assumption is made that

a volume of captive gas is bounded by the projectile and an effective piston
is formed by the explosive products. The effective piston is formed by a
solid wall moving radially inward at the escape velocity of the explosive
products. The choice of effective piston does not have an effect in this
model,

The following assumptions are made regarding the operation of the gun:
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1. The explosive liner initiates instantaneously at the rear of the
projectile.

2. The explosive products form a solid wall and move radially inward
at the escape speed & of the products,

3. The projectile, along with some captive gas (MB) is injected into
the system at a velocity Vor

Consider the zero mass model in Figure II.15

SOt D BY
BARREL RADIUS, R OLID WALL FORMED B
,7 HIGH ENERGY PRODUCTS

OO NNNASASNINS

PROJECTILE WITH EXPLOSIVE LINER WITH
AREAL DENSITY, pd MASS PER UNIT LENGTH, M,

FIGURE II.15: ZERO MASS MDODEL

The explosive liner is assumed to cullapse to a quasi-steady state and the
captive gas is at a uniform pressure Pl’ The volume of the captive gas is

proportional to the projectile velocity and is given ty:

R3v

u

V=

wi=

Assuming isentropic behavior of the captive gas and no gradients in the

captive volume, the pressure is given by the proportionality:

PaVv Y




Therefore

Vs
P=P (-‘;-)

Since (v a V)

v, y
P = Po (;—)

If the captive gas remains uniform during acceleration, then the motion of
tne projectile is given by:

dv

P = (pd) v dx

Thus

Yo Y dv
P (;—9 = (pd) v 5=

dx
Integrating
- [Po \,OY (L +2) % + \)oY + 2]1/y + 2
£ (pd)
where
Xf = barrel length

Ve = muzzle velocity

considering a typical example:

(pd) = 1 gm/cm2 (a 2 gm, 5/8 in. diameter projectile with a density of 1.4)
Yy = 1.4
v, = 3200 fps (injection velocity)
Po = 30,000 psi

See Figure II.17 which relates muzzle velocity against barrel length.

Jetting Model - The second performance model is called the jetting model.
Again the assumption of isentropic process is made. Further it is assumed
that the enthropy of the injected mass is the same as the entropy of the
original captive gas. These assumptions lead to higher performance than

can be realistically expected.




w 28

. Consider a performance model with mass input by jetting, Figure II,16.
The model assumes that the exploded propellant forms a solid mass V that

converges at a single angle upon the origin and jets upon convergence.

%L//////// 7777277
= Mi —
N\\\\ <SS

FIGURE I1.16: JETTING MASS MODEL

The mass input rate is approximated for the cylindrical case by the planar

case as:
1l - cos 6 v
M = == y; CosS 6 = —————
; "M T2 s B2
where

Liner mass per unit length

Jet mass flux

L
Mi

- If the captive gas is assumed 1sentropic:

&
= _ONTY
. P=? 9
M I M A
p=0_____ O u
V§ m R3 v
O

As an upper limit on the performance of the device consider all the mass of

the liner is input into the captive gas.

v ML
= 0 L Y
P Pov (1+“0 X)

. Ingerting this in

_ dv
P = (pd) v Ix




and integrating

o (dt2 ) Po VoY M (@ + fL xf)Y +1 _ 1y 4yt 2}1/(Y + 2)
Y + 1 (pd) Mt o
Consider the following example:
2
(pd) = 1 gm/cm
Yy = 1.4
v, = 3200 fps
Po = 30,000 psi

M = 0.2 (typical amount of gas injected by first stage cycle)
0.01

Sh

See Figure II1.17 which relates muzzle velocity against barrel length.

Mass Input Due to Traveling Charge Model - The third performance

model presented is for a mass input caused by the decomposition of the
propellant attached to the base of a projectile.
Assume one half of the projectile is propellant that is released at a

constant rate over time tr. The volume of captive gas is made up of a

volume of initially injected gas, Vg’ plus a volume of propellant products,

V *
p

<
il

vV + V
g

v (P )1/ Yg
(o]

Vg
- P 1/
Vp =V, (P ) p
(o] [o]
where

P - the mixture pressure

Po - the reference pressure and the initial pressure >f the injected
gas
Vg ~ volume of injected gas at time = O, when Po is injection P
0
v -fLf v - is a volume of gas at Pl
P t.p

e} r "p,

L
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tr ~ total release time
Vp - volume of propellant initially in the projectile
Py
f - expansion factor to reach reference pressure P0
Yg = Yp = y - all gas constants are equal for simplicity
Using the above definitions
- v -
P=P V=P ¢ )Y
o V. +V o t
g, P, Vg+f-€vpp
(e} T )
as in previous models
¢oIEY
3 A
n
b i f
substituting
3ef v &Y
v t PP
P=P (2+ e )
o v 3
TR v
Using
dv
and integrating between 0 and tr and between v, and Ve one obtains
3
m™ Rt P \%
- ro r pp, Ay +1_ vy +1
" {3 ) (vd)l(vo + 3 f o i) v, v Y + 1}1/(Y + 1)
PP U . R3 o

Consider the example

R = .312 inches

Po = 30,000 psi
f=5

v =7 R2 '

2 = .,197 inches

= 9,600 ft/sec
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2
(pd) = 1 gm/cm
) v, = 3200 ft/sec
v = 1.4

Sez Figure I1I.17 which relates muzzle velocity with barrel length.

Discussion of Reservoir Pressure Models

The zero mass addition model is clearly not a constant base pressure

gun (p o v-Y). To obtain real hypervelocities at relatively low base pres-
sures, mass addition will be required.

N The jetting model shows that very high velocities are predicted. How-
ever, Watson and Steel feel that jetting significant amounts of mass into
the captive gas would be too much to hope for as only a very small fraction ¢
(which decreases with increasing velocity) of the total liner mass could be
expected to jet.

The mass addition due to a traveling charge model also predicts very

high velocities. Watson comments "Perhaps some combination of mass input

by jetting and a slow burning propellant contained in the projectile will

get you into an interesting range of velocities."

General Discussion

There are several theoretical problem areas that are presently being
studied. There is the possibility of gaseous mixing across the velocity
boundary. The traveling reservoir concept would be impossible with mixing,
The solution to this problem would be to create a boundary. This could be
achieved by coating the propellant with a hard noncombustible ccat. The

coat would be collapsed with the propellant ignition, thus physically

e J

forming the velocity boundary.

The ignition delay time being too short or too long creates a problem.
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With the ignition delay too short the imploding gas collapses on the
reservoir and sucks the reservoir away from the projectile. For the case
of too a delay the traveling reservoir becomes stretched out, thus
reducing the pressure. The ignition delay effect has been modeled and
presented previously in this section.

Preferably, the conditions in the traveling reservoir should remain
constant. There is a phenomenon associated with cylindrical implosions
known as jetting. At the center of implosion, for a cylinder this would
be the axis, the gases create extremely high pressures, which result in
a jetting action along the axis in the direction of the projectile. The
jetting action would not be harmful to the lined tube concept, because
it would be increasing the pressure in the traveling reservoir, which
would be advantageous.

The jetting action is obviously advantageous and this resulted in
searching for other reservoir pressure increasing devices. The most
advantageous one found is the traveling charge model. This basically
works on the rocket engine principle, see Figure I1.18. A slow burning
solid propellant is cast on the base of a nylon projectile. The
propellant is ignited with the initiation of motion and releases a high
energy gas into the reservoir. The mass addition in the reservoir due
to jetting and traveling charge exhaust gas is a favorable mechanism for
increasing the reservoir pressure.

PROPELLANT —PROJECTILE

Figure II1.18 Model of Traveling Charge Projectile
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I1I. Critical Parameters

The critical parameters are those variables that central the success or
failure of op:ration when the variations of the parameters exceed an acceptable
value range. The theoretical development indicates that most of the parameters
critical to tie successful operation of the hypervelocity launcher are associated
with the propzllant characteristics. The critica’ propellant parameters are the

ignition of t1e propellant by the passage of the projectile, the rate at which

the propellan: generates gas and the volume of gas released. More specifically

. the propellan: parameters can be distinguished as ignition delay time, propellant
burn rate, gas volume and the associated pressure. Other critical parameters
that have app:ared as a resuit of experimental tests are propellant lining
characteristizs, such as smoothness and hardness, and the gas seal that the pro-
jectile makes with the sides of the cylindrical walls.

The firs: estimates of required propellant thicknesses were in the 5 to 15

mil (.005 to .015 inches) range. These ar: classified as thin films in pro-

- pellant and explosive literature. Very . .studies of explosives in thin films
have been mad: because the prime use of eiplosives is for large energy applications.
One source of thin film explosive studies was the experiments using PETN

reported by Biwden and Yoffe23. Other experiments were conducted by Flagg24

with lead ozile.

Tre desited characteristjcs of the explosive film are that the low energy
input cf the >rojectile friction not ignite it, but an ignition system moving
with tte proj:ctile supplies sufficient energy to generate an ignition in

- microseconds. The tests reported by Bowden, Yoffe and Flagg seemed to indicate

that secondar; explosives would be desired. However, comments by Bowden and

Yoffe were:



The speed with which a burning propellant spreads in a thin film
depends on a number of factors. The heat of reaction is, of course,
one of the most important. The intensity of iic 1gniting source, the i
degree of confinement, the surrounuing gas pressure, the thermal

constants and the size of the solid film all affect the burning speed.

The structure and decomposition mechanism must also be taken intc account.

Burning Rates

Propellant burning rate is important to the operation of the hypervelocity
launcher, because gas r.=t be added behind the projectile very rapi-~ .y. This
research has developed propellauts with burning rates between previously known
values of deflagration and detonation and has shown that the speed of burning
can be altered drama*ically by the thickness of the film and the type binding
agent or filmogen used. These propertiec are discussed more fully in Appendix
A,

In order to bond the propellant to the walls of the launch tube, the use of
a filmogen introduces the effect of such agents on the ignition and detcanation
properties of the explosive. According to Bowden and Yoffe23 the burmning speed
of a {ilm can be altered by coating the crystals with very thin layers of inert
liquids and solids. They state that dilutents can both increase and decrease
the velocity of detonation depending on the nature of the dilutent, and in the
case of solid additives, on the particle size and density. The current pro-
pellant investigations have shown that nitrocellulose will inhibit both burning

and detonation. - the other hand polyvinylchloride will support deflagration.

Ignition Time

Another property of the propellant that must be .ontrolled in order to
provide pr ,er operation of the hypervelocity launcher is the ignition time,
It is desired to ignite the propellant as close to the base of the projectile

as possible always keeping the reaction behind the hase of the projectile. Some




of the possible initiation methods that are applicable to the hypervelocity

launcher are described by Bowden and Yoff323.

Initiation By Heat ~ This is the simplest way of initiating an explosion.

An explosion can result when heat is liberated by reaction at a greater rate
than heat is lost. From a knowledge of the mechanism of decompcsition, and of
parameters such as the heat of vreaction, energy of activaticn, and thermal
conductivity, it is poscible to estimate the size of the small nucleus of
decomposition or "hot spot' required for the growth of the reactiou to explosion.

Initiation By Shock - The sensitivity of explosive materials to shock is a

well-known phenomenon. An explosion may be brought about by impact or frictiomn
and the conditions which determine the incidence of explosion are fairly well
established. That is to say the mechanical energy of the impact or of the
rubbiag must first of all be degraded into heat to give a "hot spot" of
suitable size and temperature within the material. Hot spots may result from
the adiabatic compression and heating of enclosed gas spaced or from frictional
heating during the rubbing of solid surfares. There is little evidence for a
direct "tribo-chemical" break-up of the molecules during impact or friction.
The time required for ignition of the explosive was considered to be a
major problem area at the first of the research effort. Conversations with
personnel at ordnance research laboratories all expressed the opinion that
because ignition is a thermal phenomenon heating of the material and the chemical
reaction would cause a delay that could be several dred microseconds. The
data precented by Cook25 shows minimum time lags of 40 and 45 microseconds for
PETN and RDX subjected to impact initiation. Bowden and Yoffe23 state that for
a liquid such as nitroglycerin time delays of rthe order 0-20 microseconds are
observed between impact and explosion due to the adiabatic compression of

trapped gas. With solids such as PETN and RDX and primary explosives such as
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lead ozide they report time delays of 60-145 microseconds, attributing this
delay to the time for compressing the solid film.

Davis26, in referring to the difficulty in igniting ammonium nitrate,
states that other explosive liquids or solids, such as liquid or solid DNT,
TNT, or TNX, nitroglycerine, nitrostarch, or nitrocellulose may be used to
sensitize the ammonium nitrate and to make the mixture more easily detonated
by a blasting cap. Non-explosive combustible materials, such as rosins, coal,
sulfur, cereal meal, and paraffin, also work as a sensitizer for anmonium
nitrate.

Urfortunately no tests have been found on ignition time of thin film
explosives under friction ignition devices although such a test is standard
for examining explosive sensitivities for safety requirements. If the ignition
delay exceeds ten microseconds it is conceivable that the projectile could be
used as the source of friction. To test this hypothesis, projectiles made
of steel aluminum and wood were fired early in the program and resulted in
firing the propellant liner ahead of the projectile. It is assumed that the
ignition occured in the annulus restraining the projectile and allowing the
combustion to move ahead. The nylon projectiles did not fire ahead and were
used for the remainder of the experiments.

The projectile and propellant combination must be selected so that the pro-
jectile friction does not provide enough energy to ignite the propellant. If
the propellant were ignited by the projectile the delay time would be so short
that detonation would occur next to the projectile thereby destroying it. How-
ever, the possibility exists of providing a constant delay distance behind the
projectile by attachi: ~ a mechanical or thermal device to the base of the
projectile that will supply the necessary energy to ignite the propellant.

Several possible designs are presenteu in the next section.
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Gas Requirements

The determination of ~re. ifaed ihickness is based on the assumption that

the gas required mwust Vili i veolws previously occupied by the vacuum ahead
of the projectiie. i .. s 001 ihe tube with a pressure greater than
the desired constaui bHase oreasics. Peing ibhe values of gas volume from
Explosive Handbook ®@op Gt P00 o oosmifoy that the expansion is adiabatic
between the standatd .cm-difisng e e ronditlons in the launch tube, a‘
pressure of 20,000 pasi wa o 030 Indh ruabe would require approximately 20 mils
propellant thicknus.. Toeoe - ofeniocieons sre based on 2 parts RDX with a gas

volume of 883 to result in 90U cofgm for the mixture.
The largest factor atfecting the results of such calculations is the value
. R : 26
of vy, the ratio of specific heacs. Corner suggests a value of 1.25 as a
good approximation for the gases and temperatures encountered in the common

propellants for guns.

Pressure Requirements

A very simple mathematical model wlll describe the motion of the pro-
jectile, because the resisting forces are small compared to the preséure on the
base of the projectile. The projectile acceleration is readily related to base
pressure and mass of the projectile. Figure III-1 shows the relationship
between the acceleration and launch tube length for various velocitles. The
base pressure required to achleve thcge accelerations for projectiles with
diameters of .125, .250 and .500 inches, with the density of plastic material,
is shown in Figure III-2., From these figures it is seen that the acceleration
of a .250 inch projectile to thirty kilometers per second in a distance- of

eighty feet would requlre only 24,000 psl for the constant base pressure.
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Propellant Lining Characteristics

An important factor in the development of the hypervelocity launcher is to
apply uniform smooth layers of propellant to the inner surface of the cylindrical
launch tubes. One important result of the test shots was that when a rough spot
resulted from the coating operation this generally resulted in a firing of the
lining ahead of the projectile. Attempts to patch or repair the lining when it
pulled loose from the walls were not successful. It was concluded that any
flaws whatsoever in the lining is adequate reason to remove the lining and recoat
the tube.

The hardness of the propellant is another important characteristic of the
lining. If the propellant is not adequately hardened the projectile will scrap
it off the launch tube walls. The energy the projectile imparts to the pro-

pellant scraps off the propellant instead of igniting it.

Gas Seal

The gas seal between the projectile and the launch tube walls is required to
contain the traveling reservoir behind the projectile. The clearance between
the prcjectile and the launch tube wall is a critical parameter.

Theoretically a small clearance is required because the diameter of the
projectile will expand during acceleration. The frictional forces act aft
and the base pressure acts forward creating compression in the projectile, thus
increasing its diameter.

It was found by trial and error that 2 to 4 mils clearance was adequate to
account for expansion and maintain the required gas seal.

To facilitate a flexible gas seal a conical recess was cut into the base of
the projectile. This created a 1lip on the projectile which was very flexible.
The 1ip expanded for the gas seal, but did not produce excessive frictional drag.

For more complex projectile designs, such as, the traveling charge and
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mechanical igniters, a lip was machined on the aft end of the head of the

projectile, which performed the function of the gas seal.




IV, Critical Design Features

The critical design features differ from the critical parameters in
that they can be controlled through proper design. Laboratory experi-
mentation has revealed two critical design areas. The first 1s projectile
design which can be subdivided into more specific features, such as,
material, strength, length to diameter (L/D) ratio, gas seal, and igniter
system. The second area is that of the propellant characteristics.
Specifically ignition, burn rate, pressure producing capability, thickness,
smoothness, hardness and coating techniques. Other areas related to
propellant design are ignition testing, burn rate testing and friction

testing.

Projectile Design

One of the critical parameters for obtaining maximum velocity is the
mass of the projectile. This was kept as small as possible by using low
density material. Based on the experience of previous investigators,
nylon was chosen as the basic projectile material although the ignition
characteristics of aluminum, steel, hard plastics and wood were inves-
tigated. For the chlorate and perchlorate base propellants containing
powdered glass it was found that aluminum, steel, wood and certain hard
plastics would cause ignition, while nylon and teflon would not. The
preliminary experiments were made with a projectile configuration shown
in Figure IV-1. The conical recess in the base was provided in order to

both reduce the we ght and provide better flexibility for gas sealing.




Figure IV.1 Conical Base Projectile (Left)

Flat Base Projectile (Right)
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Because the original concept was based on using the projectile as a

friction igniter of the lining, several tests were made using aluminum,

wood and plastic projectiles. 1In one of the first tests with an
aluminum projectile, the tube fired ahead of the projectil¢ and forced
it backwards where it lodged against the breech of the velocity initiator
with very little damage. Microscopi~ examination revcaled a deep pit
near the nose of the projectile wtare 1t is tangent to the wall. Other
aluminum projectiles as well as the wocden andﬂagrylic plastic pro-
jectiles were desfroyed with only smalil particles found in the impact

- tank. It was thus concluded that these projectiles cause pre-ignition.
Nylon was selected as the best material obtainable from the standpoint
of low friction and high strength.

The design of the projectile length to diamster ratio was a required
consideration. The required L/D ratio was found to be greater than one.

A ratio of greater than one restricted projectile w.bl ‘2 and prevented the
projectile from tumbling.

Projectile strength was important because of the high stresses due
to acceleration. The solid nylon projectiles were of sufficient strength
to remain intact. However, attachment of thermal and mechanical igniters

- to the nylon head required careful design to fulfill the necessary structural
considerations.

The design of the projectile gas seal was mentioned in the previous
section. Briefly, it was found that 2 to 4 wils clearance was nccessary
and a lip on the aft of the projectile produced an adequate gas seal.

The ignition of the propellant at the nose tangency of the prajectile
led to the concept of an igniter afterbody attached to Anon=-jigniting
forebody. Nylon projectiles were used wifh various maferials and

geometric configurations attached to the base. Apn aluminum plug was glued
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to the nylon projectile, but the aluminum broke loose at the glue line.

In order to better attach the aluminum to the nylon, several configurations
were tried in which the aluminum was made with a stem that was inserted
through the nylon. When this was fired the aluminum pulled out, allowing
the gases to vent through the resulting hole. Another configuration
consisted of a number of small wires extending from the base of the
projectile and bent to form a brush type of contact with the walls. Several
configurations of holes, adhesives and wire shapes were used trying to
prevent the separation of the wires during launch. However, none were
successful,

Thermal Igniter - Two approaches were taken to solve the problem

of using the projectile to ignite *he propellant but keep the burning
behind the projectile. One approach was the thermal igniter. The idea
was to use a ‘raveling charge as a heat pulse to ignite the propellant.
The projectile shown in Figure IV-2 is a thermal igniter. An igniter
composed of black powder bonded with nitrocellulose is cast around the
stem. Attempts to bond the traveling charge to the conical projectile
base proved futile. The stem configuration proved more feasible.
Several shots resulted in the stem being broken off by either the
acceleration stresses or the more probable result of the burning of the
traveling charge producing a high pressure between the base of the
projectile and the charge which broke the stem. This is the type of
failure that occurs in solid rocket propellant grains that are not
properly bonded to the case.

The formulations of the black powder and nitrocellulose used methyl
ethyl ketone as a solvent and frequently would shrink away from the
projectile in addition to developing large internal voids. Improvement

in the charge integrity was made by using less solvent and by using




Figure IV.2 Thermal Igniter

Figure IV.3 Recovered Thermal Igniter
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pressure to force the mixture into the mold. Other propellant mixtures
were used in the traveling charge such as, potassium nitrate, McCormick-
Selph 164 and nitrocellulose. The various mixtures tried did not result
in significant improvements .In igniting the propellant lining.

The igniter is fired by the cartridge. A recovered thermal igniter
is shown in Figure IV-3. Consultation with the Director of the Thermo-
dynamics Research Center at Texas A&M University resulted in the belief
that the heat pulse of a traveling charge is probably insufficient to
provide ignition without delay. An added advantage to the thermal igniter
is that it supplies some gas on the base of the projectile moving at
projectile speeds. It is continuously adding gas to the traveling
reservoir.

Mechanical Igniter — Since the thermal igniter was thought to have

a long ignition daclay time and previous friction tests had indica‘ed
irmediate ignition, it was decided to develop a projectile that would
have a nylon forebody, as a gas seal, and to attach a metallic afterbody
that would fire the propellant by friction.

Several of the configurations that have been tested are shown in
Figure IV-4. A nylon projectile, a traveling charge and three projectiles
using friction rings are shown. The designs were selected for their
vibrational characteristics, Cantilever strikers were originally
suggested, but analysis of the vibrational modes indicated that the end
of the cantilever would swing away from the surface and the natural
frequency would carry it back so that it would strike once every foot if
the projectile was traveling at 10,000 feet per second. The ring con-
figuration with its very high natural frequencies and limited deflection

characteristics provide constant contact and ignition.




4 Various Projectile Designs

Figure IV
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The problem with this type cf igniter is the structural failure of

the attachment., Subsequent analysis indicated that better geometry could
improve the strength but it is still stressed near the maximium stress of
the material.

A search for better designs led to the configurations shown in
Figure IV-5. These three designs indicated by analysis that they were
stronger structurally. The concept was to use metal pins or staples as
friction igniters and relieve the plastic afterbody to allow gas to flow
to prevent the creation of high pressure in the annulus that might cause
the propellant to flash forward ahead of the projectile. The th.ee
designs were fired in numerous tests. The configuration of Figure IV-5B
proved most satisfactory. The pins of Figure IV-5C would wear down or
break, or pull out of the hole. The design of Figure IV-5A proved
difficult to manufacture although several were made.

Conclusion — The present status of the projectile design indicates
the staple configuration to be the best. It has been suggested that a
combination of the staple design and the thermal igniter be tried since
both have distinct advantages. No attempt has been made as of yet to

manufacture this type.

Propellant Requirements

The propellant used in the launch tube will have to meet certain
specifications:
1. The propellant will have to be or a form to facilitate easy
coating on the inner surface of the launch tube.
2. The coating must dry *o be a smooth, uniform and continuous

layer the entire length of the launch tube.
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3. The constituents of the propellant will have to lend themselves

to being mixed together and being stored for a period of time.

4. The propellant must produce a large volume of gas for a small

volume in solid form.

5. The production of the gas should be fast and efficient.

The ignition of the propellant must be accomplished by some method,
which will initiate within microseconds after the projectile has passed
over the reaction point. As a result the propellant could be ignited by
the friction of the passing projectile or by some chemical, mechanical,
or thermal igniter trailing the projectile.

The ideal characte.’'=tics of a propellant would be one that burns
very rapidly without detonating. The rapid burning allows a rapid
production of gas but without the problems associated with a detonation.

A material which detonates not only produces a high pressure spike which
causes structural damage to the tube walls but also can propagate ahead

of the projectile if the projectile speed is slower than the detonation
velocity. No previous literature had reported on materials that had

burning rates between the slow speed deflagration or high rates associated
with detonation. Propellants for the hypervelocity gun were developed

with burning rates ranging from a 100 to 10,000 inches per second. The
burning rate tests were accomplished after the end of the contract period
but the report was delayed in order to include the results since this work
was initiated under NASA funding. Testing was accomplished at two pressures.
Atmospheric testing was used to develop the testing procedure and the
initial formulations of propellant Because some tests with this propellant,
used in a rocket fuel, had indicated great reductions in burning rate under
a vacuum and because the lining is subjected to a vacuum prior to the

passage of the projectile, tests were also accomplished under vacuum
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conditions. The results of these tests indicated little or no change in

burning rate as a function of the pressure change from atmospheric to
vacuum regardless of the oxidizer system used. These tests have proven
that high burning rote propellants can be developed and that this
requirement for the operation of the hypervelocity launcher has been met,
A complete report on the results of the propellant testing are included
in Appendix A.

Experimental test apparatus was built to test various features of
propellants, such as, impact sensitivity, friction sersitivity, heat
sensitivity, and burning characteristic, which includes, continuity of
flame, complete consumption of the propellant coating, normal burn rate
and linear burn rate. Great depth of discussion is presented in Appendix A
on the test equipment and experimental results.

Appendix A discusses the effects of:

1. Percentage of binder on burn rates,

2. Percentage of fuel-oridizer on burn rates.

3. Low pressure on burn rates.

4, Propellant curing time on burn rates.

5. Top coats on burn rates.

Ignition Testing - A friction testing device, discussed in the next

section, was devised to study ignition. The propellant is coated on a
plexiglass disc attached to an electric motor. The propellant is ignited

by a simulated projectile held by a rocker arm and contacts the rotating

disc with a known force. A high speed camera focused on the contact point

and on a mirror, which reflects the view of the contact point on the

opposite side of the plexiglass disc, photographs the ignition characteristics

of the propellant. A film strip from a typical test is illustrated in
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Figure IV-6. The camera shutter was open 67 microseconds with a frame

speed of 250 microseconds for this test. Interpretation of these frames
indicates that the propellant is igniting, so that it ignites both ahead
and behind the striker and that it is occuring in less than 67 microseconds.
This is the maximum time because neither the proceeding or subsequent

frame has any burning recorded. Althougn the test was run at room
temperature and pressure, the results should not be greatly different than
for the propellant in the tube which is at room temperature and a vacuum
when the projectile contacts it. The maximum velocity of this device was
in the order of magnitude of 100 inches per second. Typical gun velocities,
greater than 3,000 ft/sec or 36,000 in/sec can not be obtained with this
concept.

Friction Testing - Since the coefficient of friction and the friction

characteristics of the propellant were unknown a friction testing device
was built. The device consisted of a plexiglass disc attached to an
electric motor., A band of propellant was coated on the surface of the disc.
An arm supporting a simulated projectile surface was then used to apply a
controlled pressure to the propellant. Strain gages attached to the arm
were used to determine the perpendicular and tangential forces applied to
the propellant by the simulated projectile.

Through high speed photography it was hoped to examine the characteristics
of ignition and burning rate. The camera was focused on the striker and a
mirror that reflects the view seen through the plexiglass. The result
were previously discussed under ignition tests.

The electric motor produced a maximum tangential velocity of 250 feet
per second on the outer edge of the disc. Using a higher RPM motor and a
large diameter disc to yleld greater tangential velocities was not

considernd feasible due to the small incremental velocity increases versus




Figure IV.6 Frames of Movie Film of Ignition
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the cost of the motor and structural capabilities of the plexiglass disc.
Therefore, the coefficient of friction of various propellants was measured
up to a velocity of 250 feet per second. The static coefficient of
friction was measured first for various propellant mixtures. Then the

disc was rotated to yield incremental velocities up to 250 feet per second.
In theory the static coefficient is larger than the coefficient of friction
between two moving surfaces. The coefficient should decrease parabolically
to some asymptotic value provided there is constant contact between the

two surfaces. The test data obtained matched this general description.

The coefficient became asymptotic before the velocity between the simulated
projectile and the propellant reached 250 feet per second. Since the
velccity of the projectile in the launch tube could not be simulated, the
coefficient of friction for velocities higher than 250 feet per second
could not be determined, therefore the value of the coefficient of friction
for projectile velogsities was assumed to be approximately the asymptotic

value obtained at the velocity of 250 feet per second.




V. Experimental Studies

The philosophy of the experimental studies was to advance the work in
the laboratory along with the theoretical study. This approach was
justified because of the great number of unknown parameters and propellant
characteristics. Propellant testing and diagnostic equipment was developed
to fill in the voids left by the theory. Very little has been written in
the literature about thin film propellants, thus much time and effort was
devoted to propellant testing, as described in the previous section. The
diagnostic equipment was developed to aid in the study of the reaction
within the launch tube. The projectile velccity measuring system could

also be classified as part of the diagnostic equipment.

Diagnostic Equipment

Velocity Measuring System - For developmental studies an inexpensive

accurate system of velocity measurement was desired chat would also indicate
projectile integrity. For these reasons a ballistic paper device was
developed. Circuits were designed to provide the response time required

for accurate measurements and are shown in Appendix B. The basic
consideration was to eliminate capacitance from the circuits in order

to reduce the RC time delay to a minimum. Three ballistic paper stations
were used., The first station was used to trigger the oscilloscope and

the other two stations were connected as switches to separate 6 volt
batteries in order to indicate large voltage changes when the switches

were opened.
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For the preliminary tests it was considered necessary to use an
oscilloscope to record the voltage changes in order to provide diagnostic
information. For more accurate readings an interval counter was developed
using integrated circuits in conjunction with decade frequency dividers.

The oscilloscope and the counter were used in conjunction and were
found to be quite accurate and reliable. Later the counter was used
exclusively, freeing the oscilloscope for other uses.

The ballistic pape. -ting as yaw indicators have provided excellent

information on projectile integrity and tumbling because the holes

exactly outline the projectile shape.

Launch Tube Pressure Studies

Strain gages were mounted on the outer surface of the hypervelocity
launch tube to obtain a relationship between the pressure development and
time due to the gas released by the rapid burning propellant on the inner
surface of the launch tube?-’ With the tube behaving as a transducer, the
effects of pressure, heat addition, and dynamics were measured. Through
correct interpretation of the data, the strain due to heat addition and
dynamjcs were separated from the data and the pressure was measured as a
function of time.

Instrumentation - In order to measure the internal pressure, strain

gages were mounted on the launch tube in the hoop direction. The launch
tube acted as a transducer, with the strain resistance changes producing
signal changes proportional to the pressure. The strain gage signal was
inherently weak, requiring the development of an amplification system.

The signal was amplified and displayed with an oscilloscope. The voltage
changes were recorded on a storage type cathode ray screen and a photograph

was taken of the trace for permanent data recording. Circuits for the




instrumentation are presented in Appendix B.

Two types of strain gages were employed on the launch tube: A foil
type, SR-4, Type FAR-03G-1259 and a semiconductor type, SPB2-12-10006.
The strain gages were mounted in the circumferential or hour direction,
Two strain gages were mounted at each station to multiply the strain
readings by a factor of two for a greater amplification of the reading.
The first data station is twelve inches down the tube and designated gage
#12. A semiconductor strain gage is mounted five inches in front of gage
#12 to trigger the sweep of the oscilloscopes. 'The second station of the
five foot tube is forty-eight inches downstream and designated gage #48.

To amplify the voltage change out of the wheatstone bridge, a
HA702A Resistance Bridge Amplifier is used. The amplifier has desirable
characteristics for measuring the strain on the launch tube. The gain
of the amplifier is 470:1.

For data recording, three Hewlett-Packard 141A dual trace storage
Oscilloscopes were used. Three scopes were needed. One for each of the
two strain gage stations and another scope was used to relate velocity
and position of the projectile. The scopes were generally set using chopped
mode to obtain dual traces. Sweep speed was set for 0.2 cm/millisecond.
The sensitivity generally was set at 0.2 volts/cm.

The strain gage circuit was calibrated both statically and electrically.
The system was statically calibrated by pressurizing a tube. The electrical
calibration was performed by paralleling resistors across the strain gages,
thus simulating the resistance change due to strain.

Experimental Tests -~ Tests were run using various propellants, ignition

charges, projectiles, and propellant thicknesses. A typical trace is

illustrated in Figure V.1, The trace of gage #12 is the upper trace and

— e S
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begins on the reference line with zero strain. It remains zero for 120

microseconds. At this point the projectile passes gage #12 and the strain

gages react by deflecting upward 0.1 cm, which is the strain caused by the
base pregsure on the projectile, With time the strain continues to
increase with increasing pressure within the tube. After 1.2 milliseconds
the thermal strain appears on the exterior surface of the tube. This is
the time that the propellant serves as an insulator between the hot gages
and the launch tube wall. The thermal strain is seen as another cdeflection
in the trace. The lower trace on the figure is gage #48. The strain
remains at the zero level until the passage of the projectile, at which
time the strain gages react by deflecting downward since the trace on the
oscilloscope was inverted for convenience. The oscilloscope sensitivity
was set at 0.2 volts/cm, therefore one centimeter deflection represents
100 in/in microstrain.

Figure V-1 is a pressure trace of a propellant burning in the
hypervelocity launch tube with a longitudinal burning rate of approximately
3 in/sec. Figure V-2 depicts a pressure trace of a propellant with a
burning rate of approximately 30 in/sec, or ten times that of the propellant
used in the test of Figure V-1. The pressure development is a runction of
the burning rate, therefore the time required to reach maximum pressure
is longer for the slower burning propellant. The required time for
pressure development can be found by considering the slopes of the strain
traces. Figure V-1 shows a jump in trace as previously discussed, whereas
in Figure V-2, the initial deflection has a curved deflection. The curved
deflection is due to the propellant igniting in front of the projectile,
thus the jump in trace due to base pressure is not seen. Considering the

slopes after the initial deflection in Figures V-1 and V-2, the results
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confirm the burning rate data. Figure V-1 shows a smaller slope with
the slower burning propellant and Figure V-2 shows a larger slope withk a
faster burning propellant.

Discussion of Pressure Determination - It is feasible to use strain

gages mounted on the external surface of the launch tube to measure the
internal pressure behind the projectile. The strain recorded on the
external surface is produced by pressur-, *.-it addition and dynamic response.
With correct interpretation the strain produced by each effect can be found.
The frequency of the dynamic strain waves will cancel themselves at
projectile velocities less than the sonic speed of the launch tube. At
greater velocities the dynamic strain must be considered. For the current
data, the dynamic strain does not appear on the strain trace. The magnitude
of the thermal strain was found to be negligible during the first 1000
microseconds after the passage of the projectile where there is a slow
burning rate of the propellant. With the effects of heat addition and
dynamics eliminated from the oscilloscope data trace, the strain was assumed
to be due only to internal pressure for the first 1000 microseconds of data
recording.

The pressure data has two regions. The first is in the area of initial
strain recording. In this area the strain is produced by the pressure
directly behind the projectile, The initial deflection will produce a
jump in the trace for high base pressures and jump will be larger for greater
pressures. A correlation has not been established between the jump in the
data trace and the velocity of the shot due to limited test results, How-
ever, the jump in the data trace is related to the base pressure. The
second area begins at the point where the strain trace assumes a definite
slope. It has been found that when the slope is large it is accompaniad

by a jump in trace, indicating a large base pressure. The maximum deflection




of the strain trace in this area defines the value of ultimate pressure.
The ultimate pressure data can be used to find the gas volume produced by
the thin film propellant,

As gtated, the initial deflection is produced by the pressure directly
behind the projectile., With this knowledge strain gages mounted to the
external surface can relate the position of the projectile at various times
within the launch tube. Average velocities of the projectile can te obtained
between strain gage stationms.

Interpretation of data recorded on the oscilloscope can yield
information as to the ultimate base pressure on the projectile, an indication
of the burning rate of thepropellant, the distinction between a projectile
passing the station or a flame front passing the station, and the average
velocity of the projectile between stations. See Figures V-1 and V-2 for

interpretation pointers.

Figure V,1: Gage # 12 and 48 trace Figure V.2: Gage #12 and #48 trace
with 3 in/sec. burning with 30 in/sec. burning
rate propellant. rate propellant.




1. 1Indicates base pressure on projectile

2. Rounding of trace indicates flame front proceeded projectile

3. Low slope indicates slow burning rate propellant

4, High slope indicates high burning rate propellant

5. Distance indicates average velocity of projectile between gage #12
and #48

6. Indicates ultimate pressure behing projectile

7. Thermal spike reachlng strain c:ge

Experimental Apparatus

Launch Tubes - The constant base pressure concept was used as a design

basis for selecting the tubing to be used for the launch tubes. A constant
base pressure of 10,000 psi was desired for the .125 caliber tubes and
20,000 psi for the .25 caliber. The propellant lining may generate higher
short time pressure as 1t detonates. A design pressure of 50,000 psi was
used to select the tubing thickness. A low carbon steel was chosen that
would exhibit good yield characteristics under impact loading. This should
provide a safer deformation of the tube dv- to overpressures rather than
the shattering that would be expected from higher strength, less ductile
steels. The .125 inch tubes were chosen from Shelby, round, seamless,
steel, mechanical tubing ~ cold drawn AISI-MI-1015 with a nominal inside
diameter of .122 inch and a wall thickness of .095 inch. The .25 inch
tubing was the same specificacion with a uomiral inside diameter of .250 inch
and a .188 inch wall thickness. The steel Los a tension ultimate strength
of 75,000 psi and a tension yleld of 55,000 psi with a 30% elongaticn in a
2 inch gage length.

Launch System - The projectile is inserted in the adapter section which

connects the trigger system to the launch tube. The projectile is beld in
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place by scotch tape to provide both a vacuum seal and a low pressure
rupture d.sc. The initial velocity and pressure is provided by the use of
industrial type power loads containing a nitrocellulose base propellant.
Firing of the cartridge is performed by the trigger system of a .22 caliber
rifle modified to fit the adapter.

Impact Attenuation - The impact chamber can hold several types of

targets such as honeycomb and aluminum plates. This chamber has a vacuum
pump to reduce the pressure both in the chamber and the launch tube. The
propellant gages are discharged into the vacuum to reduce the effect of the
blast. To aid the reduction o the blast effect an expansion chamber is
attacted to the front of the impact chamber. The expansion chamber contains
a flapper valve which is deflected into the line of flight by the gages
trailing the projectile. The purpose of the valve is to protect the
velocity measuring stations in the impact chamber from the jet of gas
trailing the projecti.e.

In order to provide a measure of the impact energy and to provide
recovery of the projectiles, blocks of honeycomb were used. The layers
of foil act as multiple sheets to slow the projectile and capture it. The
use of 1.5 mil foil honeycomb was very effective for capturing the
projectile intact and relatively undamaged at velocities below 6,000 feet
per second. Half inch aluminum plate was also used as impact targets. In
this case the energy of the projectile could be ascertained by the depth

and diameter of the crater left in the aluminum.

Application of Propellant Lining

An impo-tant part of the research was to develop the techniques to

apply uniform smooth layers of propellant to the internal walls of the

launch tubes.
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Early attempts to build up thick layers of nitrocellulose invariably
resulted in the lifting or peeling away from the walls a.ter five or six
coats had been applied. The thickness that could be built up with nitro-
cellulose and nitrocellulose aluminum mixtures were between .5 and 1 mil
per layer. When the thicker materials containing a larger percentage of
solids, such as the perchlorates or RDX, were applied to the tubes it was
possible to achieve 1 to 2 mils per layer. When polyrinylchloride was
used as a filmogen it was possible to achieve greater thickness per layers
and thicknesses up to 15 mils were successfully achieved.

The critical parameter in forming a smooth, uniform thickness layer
is the selection of the proper coating plug, geometry, and configuration.
Various shapes of coating plugs were tested. It was found that the most
efficient shape was a rounded nose plug. The use of a sharp pointed plug
ceemed to invariably result in irregular deposition on the surface. The
diameter of the plugs were chosen to be approximately 10 mils less than
the diameter of the tube and reduced in diameter as the thickness built
up on the walls. The use of longer plugs {L/D greater than 2) were more
effective than the shorter plugs (L/D equal to 1). Apparently +the longer
plug allows a more uniform flow of material around the plug resulting in a
more uniform layer on the walls of the tube,

The propellant is inserted into the tube through the use of a syringe.
The coating plug is then inserted behind the propellant and blown through
the launch tube with compressed air. The plug was found to center itself
in the tube after one or two inches of travel. Coating from opposite ends
of the tube each time smoothed the ends out adequatelv,

The drying process consisted of removing the soclvent from the plastic
mixture. The solvents that have been used are n-butylacetate, methyl ethyl

ketone and acetone. One method of obtaining very rapid drying is to apply
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a vacuum to the tube and vacuum dry the solvent. The other is to use an

’ air blowing technique and flow low velocity air through the tube. Generally
the vacuum drying technique is more successful and will normally obtain a
hard finish in twenty to thirty minutes. The air drying technique usually

requires forty to 3ixty minutes to completely extract the solvent.

Ingpection

Ingpection of the launch tube is performed after each coating of
propellant. The tube is visually checked by shinning a 1light through it.
It is checked for an uneven surface which would indicate peeling. Shadows
in the tube indicate a low place in thepropellant coating. Bumps or grains
of propellant are also checked. Any of the above blemishes would result in
removing the lining and beginning the coating process again. The propellant

thickness is measured . ‘ter each coating with a micrometer and recorded.

Cleaning Launch Tube

Each type of propellant residue requires a different cleaning
technique. The many cleaning techniques include: ram rod and brush, ram rod

- and cotton swab, swab blown by air, MEK, Butylacetate, acetone, water, rust
remover and mild acid. It was found that the best combination for cleaning
nitrocellulose base propellants was soaking tube in MEK, ram rodding cotton
swabs through it and then blowing cotton swabs (moisten in MEK) through it.
For the polyvinylchoride base propellants water would remove the propellant
residue, and then a few cotton swabs blown through it would finish the job.
Great care was taken in making sure no specks of residue were left in the
tube. The specks were disastorous in coating. They caused at least bumps
in the coating and generally the coating would peel at dirty spots. The
tubes were also inspected during the cleaning operation for deformation or

- scares.
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VI. Experimental Results

Experimental results have indicated that high pressure can be
generated in a launch tube as a result of the ignition of the liner.
Velocities which are above those that would be achieved in an unlined
tube have been obtained.

Work on the hypervelocity accelerator was begun in the Summer of
1966. During the course of the summer months the accelerator was
designed and a prototype was built. The first system was only a test
system, however it proved the velocity could be increased by the use
of a propellant lined launch tube. Since much of the work was done
in an unknown region where theory has not been developed as yet, much
experimentation was done by trial and error. The propellant selection
was the greatest of the stumbling blocks to overcome. However, it was
decided that the only way to overcome this obtstacle was through experi-
mentation.

Experimental test shots were begun in September 1966 with a .125
caliber projectile. The initial test were unlined tubes and were used
to check out instrumentation. Velocities obtained from an unlined five
foot tube were found to be in the range of 3,200 feet per second. Several
lined shot were fired during November and December, however the instru-
mentation was faulty and unlined shots were continued until April when
the velocity instrumentation and triggering system became more dependable.
During the Summer months of 1967 many tyres and combinations of propellant

mixtures were tested. By the end of the summer several propellant
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mixtures were judged to be acceptable as a basis to work from in refining
the propellant compound. Those judged to be acceptable were ammonium
perchlorate and potassium nitrate base with a nitrocellulose filmogen.
The next step which was carried out through tbe remainder of 1967
and into 1968 was to determine what percentages to mix the ingredients
of the propellant and test additives which would increase sensitivity or
gas production. It was at this time that it was realized a greater i
coating thickness was desirable, therefore the decision was made to

increase the caliber to .25 inches. This also made the manufacturing

. of projectile somewhat easier. With the .125 caliber tube the greatest
coating thickness feasible was 4 mils, however with the .25 caliber,
coating thicknesses of 15 mils have been obtained.

During this time the tube coating operation was perfected and
propellant test equipment was designed. During 1968 a diagnostic system
was designed and built to determine the pressure in the launch tube
behind the projectile. It has been determined through the use of the
diagnostic system that for a 10 mil propellant thickness, pressures of
15,000 to 20,000 psi can - be developed.

One of the greatest advances during 1968 was the results of the

- burning rate tests. It was found that burning rate greatly depended
upon the thickness of the propellant coating. Further, it was found
that nitrocellulose retarded the burning rate of ammonium perchlorate
and potassium nitrate. A search was then begun for a better filmogen.
This was found in polyvinylchloride. This filmogen not only increased
the burning rate but also made the tube cleaning operation faster.

The burn rate test indicated when McCormick-Selph, a commercial proprietary

explogive, sas added to the mixture the propellant exhibited burning

rates between slow deflagration and detonation of the previously used
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propellant. The burning rate depended upon coating thickness, however
for 10 mils the burning rate was in the order of 1000 inches per second.

Propellant friction tests and ignition tests were also developed
during this time. These tests were not as refined as the burning rate
tests and the data is somewhat rough. This is mainly due to the fact
that no precise friction or ignition test has been developed by explosive
experts,

During 1969 the greatest thrust was made in perfecting the propellant
and the design of the projectile. Many projectile designs were tried
during the course of that year. The design judged most adequate was
principelly made of nylon with staples implanted in the aft portion.

The summary of test results are listed in Appendix C. Shets firxed
for instrumentation check out have not been listed. The listing for

each shot gives ."1 the pertinent information that was obtainable.




70

CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS

Based on the results of the research completed to this date, it
is concluded that the propellant lined hypervelocity accelerator and the
explosively driven accelerator propcsed by Physics International are the
only current research projects that have promise for providing a break-
through to achieve greater velocities than the present limited velocities
of light gas guns. The research developed methods of providing ar internal
coating of a launch tube with a fast-burning gas—producing propellant and
demonstrated that these techniques could be used for laboratory experiments
very readily. A combination of binder and propellant was formulated that
would provide a rapid burning internal lining for the launch tube. The
major parameters that control the characteristics of the internal propellant
lined launch tube were identified and each parameter was controlled experi-
mentally with the exception of the friction ignition system. Because of the
experimental difficulty in obtaining relative velocities it was necessary to
test the friction ignition system using the launch tube itself. This parti-
cular part of the experiment was not adequately instrumented to directly
determine the properties. However, studies were made of the frietion charac-
teristics at lower velocities.

It was determined that the satisfactory operation of the internal lined
propellant launch tube required both the ignition of the propellant immediately

behind the projectile passage and the rapid release of gas from the propellant
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lining. The initial testing did not have the rapid gas formation charac-
teristics that were developed only during the last few months of testing.
The final tests were run during a period of insufficient funding to allow
the proper instrumentation and therefore it was not Jd=termined whether the
gas pressure was adequate or whether the ignition was the reason for failing
to achieve desired velocities.

Techniques were developed for instrumentation of the launch tube that
allowed an examination of the pressure build up as the projectile passed a
given point which could be interpreted diagnostically to evaluate the
various parameters. The theoretical investigations indicated that simple
one~-dimensional or two-dimensional finite difference simulation of the
launch tube was not adequate for determining the dynamics of the gas with
injection from the wall and jetting occurring at the centerline. A sim-
plified piston theory indicated that the concept had sufficient merit to
continue with development. The theoretical work also indicated the need
for a better understanding of the mixing characteristics of gas being pro-
duced at the innersurface of the launch tube.

It is recommended that this study be continued using two thrusts.

One, a better analytical model of the gasdynamic process should be developed
either by establishing the mixing characteristics of the boundary between
the gas produced from the lining or examination of the problem with a solid
thin lining that would form a definite boundary between the gas produced at
the wall and the gas in the tube of the liner. The liner approach is a
modification of the idea proposed by Physics International of an explosively

collapsed tube with the major variation resulting from the fact that the
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projectile acts as a timing device for the ignition of the propellant
reaction. The experimental research should be continued in order to
determine other parameters that are not apparent in mathematical models.
It appears to be the only way in which the velocity associated with ig-
nition can be generated in order to study the ignition phenomenon.

The purpose of this research is to provide this nation with the
capability of simulating hypervelocity. At the present time simulation
of meteoroids of greater than micron size are impossible because of the
inability to achieve meteoroid velocity. Also the study of high pressure
physics is hampered until such a capability is developed. The major ad-
ventage of the propellant lined launch tube is that it provides for a
more efficient utilization of the explosive energy within the launch tube

making the devices much more suitable for laboratory work.
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ABSTRACT

An Invecstigation of the Burning Rates of Thin Films of
Some Selected Composite Propellants. (August 1970)
Miles Lee Sawyer B. S., Texas A&M University

Directed by: Dr. Charles A. Rodenberger

This paper is the presentation of the results of research done
on burn rates of thin films of some solid composite propellants
for application in the Hypervelocity Acceleration Laboratory's
propeliant 1ined launch tube.

The chemistry of the propellants generally included a binder,
explosive materials, and oxidizer materials. Binders tested in-
ciuded solvent dried nitroceliulose and polyvinyl chloride.
Suspended in these binders were mixtures of explosive matarials
such as RDX, PETN, lead azide, and McCormick-Selpr monopronellan.
(designated as 300,104 and 510,164), and oxidizers such as ammonium
perchlorate, potassium chlorate, and potassium nitrate. The
propellants studied were in thin layers of from 0.001 inches thick

to 0.032 inches thick which were restrained on one surface and

tested at both vacuum and atmospheric pressures.

Propellant film thickness was the primary parameter investi-
gated. The effects of vacuum and atmospheric pressures, change of
oxidizers, change of binder percentage, top coats, and curing time
R on the burn rates of the propellant films were also investigated.

Burn rates reported range from 10 inches per second for film




thicknesses of less than 0.005 inches to over 10,000 inches per
second for thicknesses of 0.030 inches.

It was found that burn rates of thin films of the propellants
which were tested generally increased with propellant film thick-
ness. FPropellant age, curing time, or the changing of the test
pressure from one atmosphere to a vacuum apparently had no effect
on the burn rates. Top coats of nitrocellulose and polyvinyl
chloride (in combination with aluminum dust) increased hurn rates

but not substantially.
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INTRODUCTION
General

The primary purpose of this study is to investigate the burning
properties of a thin film of propellant for application in an hyper-
velocity accelerator of the type described by Dr. Charles A.
Rodenberger.]
propellant for a major part of its energy input.

In the accele:ator the projectile is blown into an evacuated,
propellant lined tube at some initial velocity. The projectile, by
either chemical or mechanicai means, ignites the propellant lining as
the projectile passes over the propellant surface. The reaction of
the propellant generates high pressure gases which maintain a high
pressure against the base of the projectile and accelerates the pro-
jectile down the tube. The velocity of the projectile then is a
function of how well the projectile can utilize the energy released
by the thin film of propellant, and how fast and in what form the
propellant releases this energy.

The efficiency and successful operation of this hypervelocity
concept is very dependent on the reacting characteristics of the

propellant liner. These characteristics include ignition sensitivi-

ties and burn rates of the thin layer of propellant exposed to vacuum

The citations or the vollowing pages follow the style of the

AIAA Journal.

bt

This accelerator makes use of a thin layer of explosive




condi tions.

The propellant liner itself is one or more layers of a composite
propellant (oxidizer, explosive, and binder) coated onto the inner
walls of the accelerator launch tube. Therefore, it is restrained on
one surface (where it is bound to the tube walls) and free on the
opposite surface.

The required burn rates cf the propellant liner have been
estimated by considering the thickness range of the propellant liner,
and the required velocity of the projectile. According to Dr.

Rodenberger]:

. .To obtain some indication of the required characteristics
of the propellant the problem was examined of a propellant

.020 inches thick ignited one caliber behind a .250 inch

projectile traveling at 100,000 feet per second and with the

assumption that the reaction of the propeliant was completed
in eleven caiibers. This would result in a required reaction
rate for the propellant of 250 meters per second.

Therefore the required burn rates of the thin layer of pro-
pellant restrained on one side in the tube would te around 10,000
inches per second.

This burn rate range lies above the range of burn rates which
are considered to be normal deflagration rates. It also lies below
that range normally considered as detonation. Bmwn35 in surveying
literature and research covering the burn rate range intermediate
between deflagration and detonation has stated:

Deflagrations are burning phenomena whose propa-
gation rates are controlled by transport processes and




]

by chemical kinetics. They are characterized by the
dependence of the linear burning rate on the ambient
pressure, and their reaction rates are low compared
to those of detonation. In the condensed phase, pro-
pagation rates in void-free materials range from a
fraction of a centimeter per second to about 12 centi-
meters per second at 1000 p.s.i.

Detonations are reactive wave phenomena whose
propagation is controllied by shock waves. Theoretical
analyses assume that reaction rates are essentially
infinite and that chemical equilibrium is obtaired.
Therefore, the actual propagation rate is considered
to be governed soiely by thermodynamics and hydrodynamics.
The propagation rates of detonations are orders of
magnitude higher than those of deflagration, i.e.,
thousands of meters per second.

There is a gap of several orders of magnitude between

the propagatic~ rates of conventional deflagrating

explosives such as .lack powder or double base propellants

(cm. per second) and conventional detonating explosives

such as TNT or RDX (thousands of meters per second).

It appears then that research directed toward finding a
propellant coating for the hypervelocitv accelerator with burn
rates suggested by Dr. Rodenberger will also be research on
propellant burn rates which have not been previously reported for
any application.

Since this is the case, the objective of this report will be
to present experimental data on some solid composite propellants
with burn rates intermediate between deflagration and detonation.
The major emphasis will be placed on application to the propellant
liner for the hypervelocity accelerator.

Although this report will be on experimental research, the

Titerature on burn rate thecries will be reviewed mainly to point

out the inapplicability of these theories to intermediate burn




rates. However, some of the assumptions made for the theories may

aid in the investigation of these propellant burn rates.
Previous Burn Rate Research

There have been many studies of burn rates of composite pro-
pellants but none report burn rates in the range of 10,000 inches
per second and none of the previous researcih was conducted on thin
strips of propellant constrained on only one side. Some of these

previous studies include:

1. A study2 of ammonium perchlorate-based propellant in
unrestrained rectangular strands with burn rates of
from 0.01 inches per second to 3 inches per second.

2. An examination3 for particle size effects of cylindrical
samples of sodium nitrate-based flare compositions with
burn rates of about 0.2 inches per second.

3. An investigation4 for effects of strong mechanical tension
on flexible rubber sheet explosives (0.032 inches to 0.10
inches in thickness) with detonation rates in the
neighborhood of 7000 meters per second ( 280,000 inches
per second).

4. hAn 1'nvest1’gat1‘on5 comparing "loose-granule" tests to
"porous plug" tests using ammonium perchlorate-based
propellants enclosed in cylindrical tubes and producing
burn rates of from 0.02 inches per second to 0.14 inches
per second.

5. An 1'nvest1'gat1'on6 of the effects of several catalytic
surfactants on polyesobutene/ammonium perchlorate pro-
pellants with strand burn rates of from 0.26 inches per
second to 2 inches per second under pressures ranging
from 200 p.s.i.g. to 2000 p.s.i.qg.

6. An investigation7 of compressed sheets (thickness of
from less than 0.01 centimeters to 0.05 centimeters) of
several solid explosives such as PETN, RDX, and lead
azide with detonation rates of from 1000 meters per
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second (40,000 inches per second) to 5000 meters per
second (200,000 inches per second).

These previous experiments have reported on burn rates of
several types of propellant samples such as strands, solid cylinders,
and some thin films, either completely restrained or unrestrained.
There is a definite lack of information available for propellant
formulations in thin films restrained on only one surface and having
burn rates between 3 inches per second2 and detonation velocities of
40,000 inches per second.7

The research mentioned in this section and some other experi-
ments on burn rates will be reviewed more thoroughly in the literature

survey.
Theories of Burning and Detonation

There are several theories of propellant burning and detonation
mechanisms from which burn rate predictions are derived. These
mechanisms are discussed in detail in the Titerature survey. These
theories base their predictions on assumptions of the size of the
reaction zone, the mechanism of propellant decomposition and mixing,
and temperature and pressure gradients in or near the reaction zone.

The theoretical studies of propellant reactions generally
predict the effects of initial temperature and pressure on burn rates.
The theories also give a general view of the effects on non-homo-
geneity and non-uniformity of propellant composition on propellant

burning.
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The burn rates predicted by these theories are for high pressure
situations. That is, most of the burn rate equations derived are only
good for pressures above several atmospheres, which are well above
the pressures of the surroundings of the propellant liner before
ignition. Steinz, Stang, and Summerfie]d2 have developed a numerical
method of predicting the burning rate of ammonium perchlorate-based
propeliants for pressures below one atmosphere but it is complicated
and does not intuitively apply to any other than ammonium perchlorate-
based solid propellants.

The theoretical equations predict very low burn rates (less
than three inches per second) ¥or the propellants they are derived
for. These burn rates are well below the range required in the
hypervelocity accelerator tube 1ining. Using the same chemical
reaction times and gas diffusion times as presented for the certain
chemical formulation in question, the pressure required for burn
rates of several hundred inches per second would be in the thousands
of atmospheres according to the equations given for burn rates.

This report will present an experimental study of thin films Bf
some solid composite propellants which yield burning rates in the

range from 3 inches per second to 10,000 inches per second in pres-

sures at and below one atmosphere.




REVIEW OF THE LITERATURE
General

Most literature available on solid composite propellants has
been written for application to solid rocket propellant motors. The
specimens tested have been liquids, completel: restrained films, com-
pletely unrestrained specimens, relatively large solid cylindrical
specimens, and some specimens of loose constituents. Burn rates re-
corded generally fall into categories below 3 inches per second or
around detonation velocities (about 200,000 inches per second).

The theoretical research has generally centered around ignition
characteristics or the kinetics of the reaction after ignition. This
includes studies of flame thickness, temperature, and size and
nature of the reaction zone.

Although the burn rates reported are not in a ra.gc of burn
rates required in the hypervelocity accelerator liner, the Titerature
may yield important relations which will lead tc the generation of a
fast burning propeilant film. The literatlure ma, also predict the
effects on the burning rate of the propeliant liner that results from
changing from atmospheric conditions to vacuum conditions in the
propellant environment.

It will be important to note in the fc'lowing scction that both
theoretical and experimental work, with the exception of part o,

Steinz, Stang, and Summerfield's researchz, is for high pressure

situations (above several atmospheres) and, except for McCormick-




(1)

Selph's work with fuse materials, is for low deflagration rates
(below 3 inches per second) or for rates associated with detonation
(above 40,000 inches per second). This leaves a gap in the knowledge
of composite propellants which burn in the range intermediate between
deflagration and detonation, especially at pressures less than one
atmosphere. Also there is no literature available on burn rate tests

of thin films of propellants restrained on only one side.
Theories of Solid Propelliant Burning

Calumnar Diffusion Flame Model

General. In general this theory describes the flame of burning
propellants as one in which the fuels and oxidizers are not premixed.
It is the type of burning which occurs in the flame of a lighted
candle, in the burning of a pan of 0il in air, or in the burning of a
fuel droplet in oxygen in a rocket rﬁotor.18 (See FIG 2 and FIG 3)

Rice.zo

In 1945 Rice proposed a diffusion flame model assuming
that the flame occurred at an interface between thie fuel and oxidizer
(FIG 1). Rice neglected finite reaction times and assumed that the
flame was columnar (not layered) with respect to the propellant
surface. This model correctly predicts the effect of particle size

on the burn rate but does not predict pressure effects.2

Nachbar.ZI’22

Nachbar developed a simplified revision of the
diffusion flame model by assuming that the prepellant specimen

consisted of layers of fuel and oxidizer. Nachbar's calculations

for burn rates are also independent of pressure.
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Thermal Layer Theory

This theory was first proposed by Chaiken

The original proposal was that the burn rate was linearly dependent on

26

23,28 51 1959 (FIG 4).

pressure but was not affected by fuel type or fuel-oxidizer ratio.

Chaiken attempted to correct this fault

24

by the addition of two

variable mixing factors. This complicated the problem since a burn

rate cannot be calculated without the knowledge of the values of

these two factors. The factors cannot be derived from fundamental

principles but must be deduced from experimental evidence.

Crack Theory

Irwin, Salzman, and Anderson25

oxidizer surface of solid composite propellants seriously affected the

proposed that small cracks in the
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FIG 4

burn rate. Under high pressures where the cracks might widen it was
theorized that the increased oxidizer surface area would increase

burn rates. The causes of these cracks would be the thermal stresses
due to the steep temperature gradient in the solid phase at the high

pressures. This theory has not been verified experimentally.
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Phalanx Flame Model

This model (FIG 5) proposed by Fenn27 has a gas-phase fuel-
oxidant flame which exists immediately above the interface between the
solid fuel and solid oxidizer surfaces.

The flame stand-off distance is assumed to be a function of the
diffusional mixing rate and the reaction rate. The reaction itself is
assumed to be sustained by conductive heat transfer through the gas
phase.

The burning rate equation derived is

1_A Br

e A
2
rp Y
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where n is some unknown parameter which is arrived at by experiment.
The theory itself is dependent on the assumption that small
crevices exist at the interface between fuei and oxidizer. According
to Fenn, these crevices are caused by the ihigh temperature in the
reaction zone which causes the reaction zone to "bore" into the

28

pronellant surface. Hightower and Price™ have observed experiren-

tally that these crevices probably do not exist.

Powling Model

A two-phase reaction for ammonium perchlorate-based propellants

26,23 after he reviewed much of the theore-

was described by Powling
tical and experimental work in the literature (FIG 6).

The first stage according to Powling's theory is a premixed
reaction between two primary products of the decompcsition of
ammonium perchlorate--ammonia and perchloric acid. The second stage
is a flame stage with an unmixed reaction between th2 fuel vapors and
the first stage products. Therefore, the assumption that the mixing
is diffusional plays a major rqle in this theory.

Powling's theory does not explain why fuel and oxidizer
particle size affec*s burn rates at Tow pressures. However, if‘ﬁoes

provide a possible explanation for some of the burn rate phenomena

peculiar to propellant burning at low pressures.

Granutar Diffusion Flame Theory

The granular diffusion flame model is a model based on the
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Powling theory which has previously been discussed. This model
assumes that there are three stages in the decomposition and reaction
of the composite propellant (FIG 7). The first is a solid to gas
phase where the solid propellant either sublimes from the propellant
surface or melts and then gasifies. The next two stages are the
premixed ammonia and perchloric acid reaction and the fuel-oxidant
reaction as described by Powling for an ammonium perchlorate-based
propellant.

This theory is valid in its assumptions for the ?2-100 atmo-

spheres range but must be modified for low pressures. In 1969,
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Steinz, Stang, and Summer‘fie]d2 undertook to wmodify the theory to
fit sub-atmospheric burn rate data. Their distended flame theory2
takes into account the variation in surface temperature with pres-
sure.

The experimental work will be reviewed in the following section.

The data taken seems to substantiate their revised theory.

Previous Experimental Work on Burn Rates

of Solid Composite Propellants

Strand Specimens

Howard and Powh'ng.6 These researchers have reported on burn
rates of some cylindrical strands of ammonium perchlorate-based
solid propellants. The work was done to determine the effect of
several metal catalysts on the burning rate.

A typical composite propeilant tested was

89% Ammonium Perchlorate

10% Polyiscbutene

0.3% Pentaerythritol Dioleate
0.4% Ethyl Oleate
.3% metal aerosol

With a catalvtic surfactant of copper the resulting burn rates

ranged from 0.26 inches per sccond for a pressure of 2000 p.s.i.g.

to 1.25 inches per second for 2000 p.s.i.g.. These burn rates are

typical of the other burn rates reported by Howard and Powling.
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Steinz, Stang, and Summerfie]d.2 This research was done to sub-

stantiate the granular diffusion theory after Steinz, Stang, and
Summerfield had altered it to predict burning characteristics for
sub-atmospheric conditions (FIG 8).

The data taken to support their theory was from burn rate tests
of cylindrical strands of ammonium perchlorate based propellants.
The strand sizes were from 0.25 square inches in cross sectional
area to about 0.6 square inches in cross sectional area. The strands
were ignited at about C.3 atmospheres (228 mm of mercury) and then
the pressure of the surroundings of the strand was lowered to the
desired level.

Burn rates were measured using high speed photography. The
burn rates ranged from 0.01 centimeters per second (0.004 inches per
second) to 0.2 centimetars per second (0.080 inches per second) for
pressures of from 0.006 atmospheres (4.56 miliimeters of mercury)
to one atmosphere (760 millimeters of mercury).

30

Small column insulated delays. McCormick-Selph™ , a Teledyne

company, has produced a fast burning composite material for use in
small column insulated delays (rfuses). This material is produced
for several different linear burn rates depending on adjustments in
its chemistry (compounds of hydrogen, boron, oxygen, and nitrogen).
A partial listing of the materials by numbers is found in FIG 9.
These burn rates are for open air testing of small diameter strands

(0.040 inches to 0.080 inches in diameter). Several of these
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numbered materials including McCormick-Selph 510,164 (not shown)
have burning rates in the range inlermediate between defiagration
and detonation.

In normal use these strands are encased in fiberglass sleeving,
extruded plastic coatings for insulation resistance, or braid
jackets for abrasion resistance. In any case, the material is

relatively easy to handle and will adapt to several types of use

configurations.

Large Cylindrical Specimens

Howlett.3

Sidney Howlett, in investigating the effect of
particle size of sodium nitrate on burning rates of flare composi-
tions, tested some large cylindrically shaped specimens of fuel and
oxidizer.

The chemical composition of a typical Lest specimen was

38% (by weight) Sodium Nitrate

57% Magnesium granules

5% Laminac binder

The composition was cast in solid cylinders 1.4 inches in dia-
meter and 2 inches long. Burn rates were then determined by the
length of time that the flare gave off light. The assumption was
made that the flare burned in a plane parallel to the end of the
cylinder.

The cylinders with gran 16 magnesium burned in the range of

from 0.2 inches per second for a sodium nitrate particle size of 15
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microns to 0.15 inches per second for sodium nitrate particle size

of 60 microns,

Gurton.]]

Gurton compared the detonation velocities of some
cylinders of pressed tetryl for several pressure levels. The
cavities that existed in the cylindrical samples were filled with
either air or methane gas as indicated in Table 1. T.N.T. and

Nitroguanidine were also tested with about the same results.
Liquids

The question concerning the mechanism of ignition by shock
of Tiquid propellants led to an investigation of some thin films
of liquid explosives by Baur, Cook, and Keyes.8 Some of the Tiquid
explosives included nitromethane, dithekite-13, nitromethane-ethyline
diamine, 80/20 nitromethane-tetryl, and 80/20 nitromethane trinitro-
toulene.

Burning velocity-specimen diameter curves were obtained for the
liquids using thin wallad polyethylene tubes for explosive contain-
ers. The walls of the plastic tubes were six mils thick so the
confinement of the reaction was a minimum. The liquid specimens
were set with their longitudinal axes vertical and ignited at the
upper end.

A Tight source and a streak camera were used to record the
detonation front velocity. As the detonation front progressed down
the specimen, the light shining behind the specimen was gradually

extinguished and this change in light intensity was recorded on the




Ef* - of Pressure on

Density O.

Table 1

the Velocity of Detonation of Tetryl;

9 g.c.c. {after Gurton

11)

Velocity of
Diameter of Pressure Gas filling detonation
tetryl cylinder (cm) (atm) voids (M.sec)

1.1 0.03 Air 1,460
1.0 Air 1,420
14.3 Methane 910

27.7 Methane failed
1.91 1.0 Air 1,700
14.3 Methane 1,890
21.0 Methane 1,450
27.7 Methane 1,330

47.7 Methane failed
2.39 1.0 Air 2.860
14.3 Methane 2,330
17.6 Methane 2,085
21.0 Methane 1,695

41.0 Methane failed

22
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film in the streak camera. From the film the velocity was determi-
ned.

The detonation velocities recorded for nitromethane were in a
range of from 40,000 inches per second for a diameter of 2.5 centi-
meters to over 120,000 inches per second for diameters greater than
3 centimeters. For the other explosives the range was higher.
Nitromethane-trinitrotoulene detonated at 260,000 inches per second

for specimen diameters above 3 centimeters.

Loose Granule and Porous Plug Specimens

An investigation of the deflagration mechanism of ammonium
perchlorate-based composite propellants was performed by McAlevy,
Lee, Lastrina, and Sumarin5 using experimental analog techniques.
Two types of models were used in this study.

The porous plug model test consists of a porous bed of am-
monium perchlorate through which a gaseous fuel was passed and
burned at the regressing oxidizer surface. The second model was a
loose~-granule burner in which the fuel and oxidizer in granular
form were mixed and then ignited.

For both models ammonium perchlorate was the oxidizer. For the
loose granule burner, polystyrene was the fuel used. For the porous
plug burner the fuel was polysulfide.

For the burn rate tests, fuel and oxidizer granules were

packed in a stainless steel tube (0.50 inches outside diameter and




0.049 inches in wall thickness). At three pecints along the tube,
fuse wires which were parts of an electric circuit, were inserted.
As the burning surface of the propellant specimen reached the wires
the circuit was broken. The burn rate was then easily calculated.
For visual burn rate observations a high speed camera was used.
The propellant specimens were packed in a pyrex tube (0.57 inches,
outside diameter and 0.47 [sic, probably should be 0.047] inches
in wall thickness) for these tests.
For the porous plug tests the burn rates varied from (.02
inches per second to 0.04 inches per second for a pressure of 15
p.s.i.a.. Burn rates for the loose granule burner were approx-

imately in the same range as for the porous plug tests.

Rubber Bonded Sheet Explosives

The effect of strong mechanical tension on detonation rates of
flexible sheet explosives was investigated in 1965 by Kegler and
Scha]].4

For this investigation rubber was used as the binder for
several explosive components including RDX, PETN, and HMX. The
greater part of the data taken was with PETN as the explosive compo-
nent. The explosive content of the sheets was normally 85% to 90%.

The burn rate measuring system was a pin system (FIG 10). As
the propellant burns an ionized gas region forms directly above the

regressing surface. As this region reaches the gap between "pin-

tip" and "ground" (this region is moving with the same velocity as

24
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the regressing surface) a closed electric circuit is formed and the
detonation rate is easily calculated.

Figure 11 shows the thickness effect on the burning rate of a
PETN-containing sheet with 15% rubber. The symbol A (delta) repre-
sents the estimated density of the sheet in grams per cubic centi-
meter. (In this case 1.4 gm/cm3). This graph is for an un-
stretched sheet and shows detonation rates of approximately 0.75
inches. The plot also shows that the detonation rate varies

directly with the sheet thickness.

Completely Restrained and Unrestrained Thin Films

Measurements of burn rates of some thin films of propellant in

completely restrained and unrestrained configurations have been made

by Bowden and Yoffe.7 Their research was directed toward studying
the mechanism of low velocity detonation of explosive thin films
such as films of PETN, HMX, lead azide, and nitroglycerin.

The films of explosive were from one mil (0.001 inches) to
twenty mils (0.020 inches) in thickness. The confined specimens
were mounted between a steel plate and a glass plate. Initiation
of the burning was by hot wire. The burning rate was measured by
high speed photography.

Table 219

shows some of the velocity measurements. The
burn rates of the confined specimens were slightly higher. Bowden
and Yoffe stated that only th's low velocity detonation was ob-

served when burning initiation was by a low intensity heat source

26




TABLE 2

Detonation Velocities in Thin Films

of Some Inorganic Azides an. Fu]minateslo
Material Unconfined film Confined film
Initiated by Hot Wire | Initiated by Hot Wire
L1'N3 decomposition 900 meters/second
explosion does not 0
TIN3 propagate 1,500
AgN3 1,500 meters/second | 1,700 "
Pb(N3)2 2,102 "l e-em-
NaCNO 500 " 500
TICNO 1,000 " 1,250 "
AgCNO 1,700 " 1,900 "
(CuCNO) (1,100) " (1,300) "
Cd(CNO)2 1,400 " 1,800 "
Hg(CNO)2 0.05 S

such as a hot wire.
glycerin are also in this low velocity detonation range.

The results of the tests revealed several interesting factors

The detonations of films of PETN and nitro-

7

which are important in any study of burn rates of thin films.

For instance, Bowden and Yoffe noted

7,

For thin films of a secondary explosive such as PETN,

about 0.1 to 0.5 mm thick, the explosion begins as a compa-

ratively slow burning which accelerates un~il it reaches a

speed of several hundred meters a second.

When the speed ex-

27
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ceeds this value the burning passes over into a stable Tow

velocity detonation of 1000 to 2000 m. sec. A number of the

more sensitive materials behave in the same way.10 For
example, mercury fulminate ignited by a hot wire may burn

with an initial speed as low as 5 cm. sec. Lead styphnate

and the organic azides such as cyanuric triazide and

trinitrotriazido benzene also burn at a slow rate: the

value for cyanuric triazide is 6 m. sec. and for trinitro-

triazido benezene is 3 cm. sec. The inorganic azides on

the other hand do not burn but_detonate very close to the

point of initiation within 10-7 sec.

The researchers pointed out that the difference in the burning
and detonation characteristics of various explosives was due to
the complexity of the material. A simple compound will decompose
much more quickly and with less energy than a complex compound.

The compiex explosive decomposition may be marked by several

stages of decomposition. The compiex material first breaxs up into
simpler materials and then decomposes to the chemical reaction or
detonation.

The physical state of the material must alsc be considered.
There will be a <tage of burning where the heat of reaction melts
material or causes it to sublime off the material surface. The
flame stand-off distance will be determined by whichever of these
mechanisms occurs.

Using the findings of other researchers11 as well as their own,
Bowden and Yoffe postulated that certain conditions existed for the
transitior from burning to low velocity detonation. They stated’:

. . .Thys two conditions are apparently required to
transform burning into detonation; the formation of a
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suspension, and the possibility of the explosion of the
suspension.

The suspensionlzis a result of high pressure gases in the re-

acting region being forced into the unburned solid propellant lay-

er. As the intensity or the reaction increases, the amount of gas

forced into the propellant also increases. If the ratio of gas to

fuel particles rises to a certain level then a suspension is formed

which may explode just as coal dust suspended in air can explode.
This mechanism is dependent on pressure. According to

Bowden and Yoffe7:

. .The pressure under which the burning proceeds influ-
ences this process reversely--increase of pressure hinders
the formation of a suspension but favors its explosion (due
to the increased rate of burning of the suspension). Within
some pressure interval the combination of these two factors
causes an expivsion, beyond this interval no explosion occurs.
For a film of PETN, Bowden/, Williams13, and Gurtont! found
that at atmospheric pressures the film burn rate was around 1500
] meters per second while at pressures above thirty atmospheres the
velocity decreased rapidly. At fifty atmospheres the film failed
to burn or detonate.13
Bowden and Yoffe also pointed out that the burning speed of a
film can be changed by mixing very smail quantities of inert liquids

and solids with the explosive in the film. For examp1e7:

. . . .In the case of a mixture like gunpowder, it has
been shown that the presence of 1.2% stearic acid can
cause a retardation of 800% in the burning speed at




room temperature and atmospheric pressure.

Compressed Sheets

McLarin14 has reported on the effect of thickness on burn
rates of some compressed sheets of lead azide. The results of his
study are shown in Figure 12.

Sheets with thickness below 0.02 centimeters (0.0078 inches)
show a steady inc:ease in burning velocity for increase in film
thickness. The burning rate ranges from two kilometers per second
(79,000 inches per seccnd) to five kilometers per second (180,000
inches per second) for thickness increase from 0.005 centimeters
(0.0019 inches) to 0.02 centimeters. At this thickness the burn
rate levels off at about 5.5 kilometers per second (200,000 inches
per second).

Tne experimental points are shown in the small circles in
Figure 12. The line represents a theoretical calculation based on
the expanding jet hydrodynamic theory developed by JoneslS. This
theory is based upon the assumption that the reacting gases in the
burning of a condensed explosive expand and that the reaction takes
place during the expansion. Therefore some of the reaction would
take place at a lower effective density of explosive material

w12

(a “"suspension of different density).

Summary

Bowden and Yoffe7have stated:
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FIG 12

The speed with which a burning spreads in a thin film
depends on a number of factors. The heat of reaction of
course, is one of the most important. The intensity of the
igniting source, the degree or confinement, the surrounding
gas pressure, the thermal constants and the size of the16 17
solid film all affect the burning speed. The structure ’
and decomposition mechanism must also be taken into account.

This summarizes the factors which are covered in the theoret-
ical and experimental work done in the propellant area on burn

rates. In studying propellants for burning mechanism there have

also been some burn rate studies on thin fiims. However, these
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thin films were either completely confined or unconfined and con-

sisted almost entirely of films of explosive being tested at det-

onation levels. No work on thin films restrained on only one side
and made up of a composite propellant has been rec crted.

Also, the theories on burn rates and detonation rates have
been developed to fit data taken at high pressures (above several
atmospheres). Even Stienz, Stang, and Summerfie]d's2 Tow pressure
pyrolysis rate equations were derived by revising the granular
diffusion theory for high pressure burning rates of ammonium
perchlorate based propellants.

The prediction of the effects of low pressures {one atmos-
phere and below) on the burning of thin films of composite
propellants with burn rates in the range intermediate between
deflagration and detonation cannot be made from the literature
just reviewed. Nor can a prediction of the effects of restraii-
ing one surface of the films being tested be made.

The research described in tie following section will be
directed toward "filling the gap" on the knowledge of some com-
posite propellants which burn in the range between deflagration
and detonation. It will also give results of the testing of those
composite propellants in thin films restrained on one side and

burned in surroundings of one atmosphere and less.




PROPELLANT SELECTION
General

The selection of the composite propellants to be tested in this
research was dependent mainly on factors relating to the propellants
use in the hypervelocity accelerator tube lining. The propellant
used in the hypervelocity accelerator will have to meet certain re-
quirements.

1. The propellant will have to be in a form so as to be coated
easily on the inner surface of a steel tube.

2. The coating of propellant will have to be smooth and uni-
form down the length of the tube.

3. The constituents of the propellant will have to lend them-
selves to being mixed together and stored for short periods
of time.

4. The propellant constituents will have to produce a large
amount of gas for a small initial volume in solid form.

5. The production of the gas should be fast and efficient.

The ignition of the propeliant will have to be accomplished by
some method which would cause the burning or detonation to be ini-
tiated soon after the projectile passed over the reaction point.
This means the propellant could be ignited by the friction of the
projectile or by some chemical or mechanical igniter trailing the
projectile.

These are relatively low intensity energy sources for ignition.
A repeatable, Tow intensity source for propellant testing is a hot

wire. Although tests for the sensitivity of the propelliants inves-
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tigated were conducted using impact test devices and friction test
devices, the burn rate studies were conducted using a hot wire ig-
nition system. The propellant, therefore, had to be sensitive
enough so that burning could be initiated by a hot wire.

Due to the lack of Titerature on materials demonstrating burn
rates in the range of interest (3 inches per second to 40,000 inches
per second) the selection of propellants was largely by inforned
guess. High gas producing, quick reacting explosives were combined
with active oxidizers and suspended in a paint-like carrier. The
resulting material was coated on metal coupons and tested for im-
pact sensitivity, friction sensitivity, heat sensitivity, and
burning characteristics such as continuity of flame, complete con-
sumption of the propellant coating, and, of course, linear burn
rate. A more detailed description of tests and test procedures is
given in Experimental Apparatus.

After comparing these characteristics of a certain propellant
and also comparing lined shots in the hypervelocity accelerator,
if they were made, a new variation of the propellant was prepared

if suggested by the tests.

Propellants Tested

Nitrocellulose-Based Propellants

Many fuels and explosives were investigated in this research.

Some were tested as propellants by themselves as well as in com-
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posite propellants with oxidizers and/or metal additives.

The first propellant formulation tested consisted of nitrocellu-
lose dissolved in either methyl ethyl ketone or butyl acetate
(ccmmercial solvents). This was a simple propellant in that it was
made up of only two constituents and formed a hard thin coating when
painted on the steel walls of the hypervelocity accelerator tube.

The nitrocellulose propellant was tested extensively. It was
determined that this formulation was either not igniting properly by
the friction of the projectile or was being ignited by a flame front
behind the projectile. The flame front behind the projectile is from
the commercial loaded .22 caliber charge used to give the projectile
an initial velocity before entering the lined accelerator tube.

This formulation was a good carrier, however, and instead of dis-
carding the nitrocellulose propellant, several variations were tried.

Using the nitrocellulose as a filmogen several other chemicals

and combinations of chemicals were tested. These inciuded:

1. Aluminum

2. Aluminum, glass

3. Black powder

4. Black powder, aluminum

5. Potassium chlorate

6. Potassium chlorate, black powder
7. Potassium chlorate, glass

8. Potassium chlorate, glass, aluminum




9. Potassium chlorate, glass, steel powder

10. Potassium chlorate, glass, black powder

11. Potassium chlorate, carbon

12. Potassium chlorate, carbon, glass

13. Potassium chlorate, zinc oxide, sand

14. Potassium chlorate, carbon, sulphur

15. Potassium chlorate, glass, aluminum, carbon

16. Potassium chlorate, lead azide, aluminum, glass, McCormick-
- Selph 300,104

17. Ammonium perchlorate

18. Ammonium perchlorate, aluminum

19. Ammonium perchlorate, black powder

20. Ammonium perchlorate, glass

21. Ammonium perchlorate, black powder, glass

22. Ammonium perchiorate, black powder, aluminum

23. Ammonium perchlorate, aluminum, glass

. 24. Ammonium perchlorate, steel powder

25. Ammonium perchlorate, steel powder, glass

26. Ammonium perchlorate, RDX, aluminum

27. Ammonium perchlorate, McCormick-Selph 510,164

28. Ammonium perchlorate, McCormick-Selph 300,104, aluminum

29. Ammonium perchlorate, McCormick-Selph 300,104, aluminum,
glass

. 30. Ammonium perchlorate, McCormick-Selph 300,104, glass

31. Ammonium perchlorate, aluminum, McCormick-Selph 510,164
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32. Ammonium perchlorate, aluminum, glass, McCormick-Selph
510,164

33. RDX

34. RDX, glass

35. RDX, aluminum

36. RDX, aluminum, glass

37. RDX, aluminum, sand

38. RDX, sand

39. PETN

40. PETN, glass

41. Sulphur

42. Carbon

43. Lead azide

44, Lead azide, silicagel

45. Potassium nitrate, aluminum

46. Potassium nitrate, carbon, sulphur

47. Potassium nitrate, McCormick-Selph 510,164

The characteristics of these propellants will be discussed in

detail in the Experimental Resuits section.

Polyvinyl Chloride-Based Propellants

Extensive testing of the nitrocellulose-based propellants
showed that a new binder material was required to replace the nitro-

cellulose binder (see Experimental Results). From observations of
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the conparison tests of the nitrocellulose propellants (described

in Experimental Apparatus and Testing) it was obvious that some-
thing in the propellant was inhibiting the reaction of the oxidizer
and explosive materials in the propellant. A review of the prop-
erties of the nitrocellulose revealed that the mechanism that made
it a good binder was also inhibiting the reaction of the propellant.
The tough, filmy make-up of the nitrocellulose coating was isolating
oxidizer particles and fuel particles from one another.

0f several commercially available binders which would meet the
binder requirements as needed to coat the accelerator tube walls,
polyvinyl chloride was chosen for testing.

Polyvinyl chloride binder is made up of two constituents--a
polymer, Geon 427, and a plasticizer, dioctyl adipate. The coating
is not quite as hard as the nitroceilulose coating but tests have
shown that the Geon 427-Adipate combination has low heat resistance
and does not impede the propagation of the burning of the active
propellant constituents.3] The polyvinyl chloride is a fuel in its
own right and will burn when mixed with an oxidizer such as ammonium
perchlorate or potassium nitrate though at a very slow rate.

The burn rate data presented in Experimental Results is the
result of the tests of the polyvinyl chloride-based propellants.

Some of the materials and material combinations used in con-

junction with the polyvinyl chloride binder include:
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1. Potassium nitrate, McCormick-Selph 510,164
<. Potassium chlorate, McCormick-Selph 510,164

3. Ammonium perchlorate, McCormick-Selph 510,164

Other Binders

In the process of developing a good propellant liner for the
accelerator tube, several other binders besides the two previously
mentioned were tested.

Water-based glues. Two water-based glues, methylcellulose and

dextrin, were experimented with. These are stored in dry form and
then mixed with water to form a paste. Test propeliants of these
glues were made up of potassium nitrate and carbon, potassium
nitrate and aluminum, and commercially prepared black powder.

These formulations did not adhere well to a steel surface and
were flaky and brittle when dried. Since these binders would not
make a satisfactory coat of propellant on the accelerator tube walls,
they were not tested extensively.

Casein glues. A glue commercially manufactured as "Elmer's

Glue" was tried and found to be very difficult to work with as it
dried very quickly.

The propellant tested with this binder was a potassium nitrate-
carbon combination. The glue formed a soft coating which desen-
sitized the coating completely to impact and friction tests. This

binder was also ruled out for use in the propellant tests.
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EXPERIMENTAL APPARATUS AND TESTING

General

As the preliminary examination of the problem of developing a
propellant liner for the hypervelocity accelerator tube progressed,
the need for methods of comparing one propellant with another in the
lab became apparent. Coating the tubes was both tedious and time
consuming. Also, it was not always possible to contribute the
failure or success of a shot in the lined accelerator tube to the
propellant properties alone. The examination of the propellant
lining before and after the shot was difficult and was based on
visual observations.

Some of the properties assumed to be of prime importance in
comparing various propellant formulations before using the
propellant in the accelerator tube lining were impact sensitivity,
friction sensitivity, and sensitivity to open flame. Also, the
physical properties of the propellant coating such as smoothness and
uniformity of thickness were observed and compared.

After reviewing some of the literature available on thin films
of propellant it was determined that the linear burn rate of the
propellant lining in the accelerator tube and the effects of the
initial vacuum conditions on the linear burn rate of the 1ining may
also be of importance. The Tlinear burn rate of the propellant was

later proven to be of great importance to the operation of the




hypervelocity accelerator by a two dimensional mathematical model of
the accelerator devised by Ferrata32.

Due to the lack of previous work on thin films of propellant
restrained on one side and tested in surroundings of one atmosphere
or less, a special chamber and velocity measuring system had to be
devised for this research. This apparatus will be described in
detail in the next section. Following the next section, will be a
description of a normal burn rate test and an impact sensitivity
test which were used to a limited degree in the laboratory.

The Tast section deals with the comparison tests of impact
sensitivity, friction se-~itivity, direct heat sensitivity, and the
physical propellant coating properties such as smoothness and uni-

formity of thickness.
Linear Burn Rate Measurements

Propellant Specimen

Specimen description. To be able to draw some analogy between

the results of the comparison tests and burn rate tests and the
action of the propellant liner in the hypervelocity tube, the
propellant test specimen had to be as near Tike the propellant liner
as possible. The specimen developed was a thin strip app-oximately
eight inches long, one-half inch wide and of variable thickness
depending on the requirements of the hypervelocity accelerator (Data

is presented for thicknesses ranging from 1 mil [0.001 inches] to
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Propellant specimen
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Linear Burn Rate Test Specimen
FIG 13

30 mils.). (See FIG 13)

Specimen construction. The film is coated onto a polished

steel plate which is approximately two inches wide, eight inches
Tong, and one-fourth inch thick. Two strips of masking tape are
put down on the plate one-half inch apart. The number of layers of
tape used w.:i determine the thickness of the propellant strip.

The propellant is poured into the space between the strips of
tape and is leveled and smoothed (FIG 14). After sitting for a
cert~in period of time (over one-half hour) the strips of tape may
be removed. The specimen is checked for surface defects, and uni-
formity of thickness. The thickness of the strip i+, measured and

recorded along with the other pertinent information such as
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Casting a propellant strip.

FIG 14

Finished specimen.

FiIG 15




propellant batch number and coating age (See FIG 22). The specimen

is then ready for burn rate tests (FIG 15).

Photodiode-Electronic System

In a previous attempt in the hypervelocity lab at measuring
burn rates in thin films of nitrocellulose, small diameter fuse
wires placed at several points along the strip of propellant were
used to determine the burn rate. However, not enough heat was
generated by the burning film to melt the wires or change their
resistance to an electric current, so the burning rates could not be
recorded. Other known methods of measuring burn rates such as the
pin method (FIG 10) would be difficult to apply to thin films of
propellant restrained on one surface.

This left high speed photography as the one "tried and tested"
means of measuring fast linear kurn rates of thin films. However,
the primary disadvantage of high speed photography is the delay due
to film developing and the time to analyze the frame by freme
measurements. Due to the numerous variations and combinations of
propellants that needed to be tested, the use of high speed photo-
graphy for each burn rate measurement would have been cumbersome.

This led to the development of a new concept for burn rate
measurement. This concept was based on the knowledge that there was
a visible reaction zone at or just above the surface of a burning

thin film as the flame front passed down the length of the film.
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A light sensor, which could see the light from the reaction zone,
could signal when the flame front passed by the sensor.

Initial experiments with photodiodes showed that they were
sensitive enough to give a response when only a short, lTow intensity
light pulse was projected on them. Using these photodiode sensors
and the electronic circuit signal conditioners (FIG 17) which relay
the photodiode responses, a test system was devised.

This system is made up of four photodiodes--a trigger station
and three velocity measuring stations (FIG 16, FIG 18, and FIG 19).
The responses of the photodiodes as they see light are to change
the voltages in their signal conditioners. The circuits transmit
this response in the form of a voltage step to the oscilloscope
vhose vertical trace position is governed by the voltage inputs.

The trigger inputs a signal which is used to start the trace
on the oscilloscope. The second protodiode's (station one) response
is transmitted tc the oscilloscope and is displayed as a volt
displacement (vertical axis) of the trace. The third photodiode's
(station two) response to seeing light is a three volt displacement
(vertical axis) on the oscilloscope trace. The fourth photodiode's
(station three) response yields a five volt displacement on the
vertical axis of the oscilloscope traca.

With this system it is possible to decipher exactly which

nnotodiode is responding, or which combination of photodiodes are

responding at the same time. (See FIG 20 and FIG ?1)
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Photodiode longitudinal burn rate data system

FIG 18
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HVL PROPELLANT TEST
Test Number 062370006

COATING: Surface Coated __Polished Steel

Coating Width _0.5 in. Coating Date _6-23-70 (3 hrs)
No. Coating Sample |Measurement aft/basel Thickness Avg.Thickness
) ) .285 | .285 | .286
1 | KCLO3;Mc/S 510,164;PVC 18 2258 | 259 "261 .027 | .026 |.025 +026
2
3
4
»
5
6
7
Remarks Total ___ 26 mils
Drying Method air
TEST: Type:_Vac _ Ignition Hot wire En_sor fixigger 1 2 3
Pressure 5 to’f’erchnique pacing (in) | Ref. 2 2 2
Dist. from
0 Sscope 23 / Propellant -3 -5 -5 -5
5 X 10 “s
Sweep Speed T seiem Height a2 lazs | 125 | az2s
Upper Trace nalog :
Sensitivity _ & volts/em §°ui"‘“°’ Open  [.065 | .065 | .065
" erture
Lover Trace __Velogity Collimator
Sensitivity _§ volts/cm 0 b5 | .45 b5
Length
- Results: Position
L]
r-1 Readings } Velocity Degree 0 0 0 0
1-2__ 1.0cm = _54000 in/sec :
* 2-3 1.0cm = 4000 in/sec
1-3 2.0cm = L4000 in/sec

Remarks: by: ﬂj/

FIG 22




)

50

The point of ignition of the propellant film is located in
front of the trigger diode. When the propellant ignites, the light
emitted from the reaction zone hits the trigger diode and the
response of the diode starts the oscilloscope trace. As the flame
front progresses down the propellant film, stations one, two, and
three see light and respond. The resuiting oscilloscope trace such
as the one pictured in FIG 22 then gives the time record of the
position of the flame front.

The photodiodes are located exactly two inches apart and the
velocity measuring stations are collimated by the use of hypodermic
needle bases (FIG 23). The photodiodes themselves are cemented
inside the metal tip of a hypodermic syringe. The syringe needle
bases are then easily put on and taken off for cleaning. Figure 23
shows the collimation of a photodiode velocity measuring station
with a number eighteen size needle (drilled to 0.065 inches inside
diameter). As shuwn in the figure, it is pdssible for the col-
limated photodiode to see only a very small diameter area across the
propellant film. This indicates that the response of the photo-
diode is due to an intense light source, the flame front, passing
through this area.

Using the oscilloscope trace for measuring the elapsed time
for the flame front to pass from station to station and the known
distance between eacn station (two inches), the linear burn rate

of the propellant film may be calculated.
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Test Chamber

For vacuum tests a unique vacuum chamber was constructed. The
chamber is basically a cast iron, right angle pipe union (FIG 24).
This chamber has four large ports for instrumentation and event
viewing purposes.

An instrument tray on which the photodiode holders are mounted

was constructed to be permanently attached to one of the port covers.

Therefore it is only necessary to unfasten this one port from the
chamber in order to remove all the instrumentation contained in the
chamber (FIG 19).

Two of the remaining three port covers are plexiglass plates

for visual observations and for taking high speed movies of the
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burning in a vacuum. The fourth port is covered by a metal plate
through which passes the suction hose outlet and the pressure gage
probe,

Vacuums of about five torr (five millimeters of mercury) are

attained regularly for test purposes in this chamber.

Test Procedures

The propellant specimen, after first being measured and visually
inspected is placed on the instrument tray such that the near edge
of the propellant strip is 0.5 inches from the photodiode face.

The hot wire probe is put into position such that the ignition point
will be direc.iy opposite the uncollimated trigger photodiode.

The instrumentation is checked to assure that the photo-
dicdes are responding and that the response is being relayed to the
oscilloscope trace in the desired manner. The tray and port cover
are then clamped into place. For vacuum tests the tank is evacuated
to approximately five torr (five millimeters of mercury) and the
propellant fired with the hot wire.

The chamber is then vented and the instrument tray removed from
the chamber. Visual observation of the tray, chamber, and the speci-
men plate are made and then the plate is removed and cleaned.

The results of the oscilloscope trace are recorded and plotted

on appropriate graphs.
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Normal Vector Burn Rate Tests

General

Although the Tinear burn rate tests described previously were
the most important tests of lhis research, other tests for propellant
burning characteristics were devised in an effort to learn more
about thin films of propellant. One of these tests33 was developed
to measure the normal vector burning rate of the propellant film,

The objective of this study was to determine the rate of burning
of a film of propellant through its thickness and attempt to cor-
relate this burn rate with the horizontal vector burning rate al-

ready being measured.

Propellant Tests

Propellant specimens. The propellant specimens were ten to

fourteen mil thick layers of a propellant being tested for horizontal
vector burn rates. The propellant was:

45% Potassium Nitrate

45% McCormick-Selph 510, 164

10% Polyvinyl chloride
The propellant was coated on a glass slide and allowed to dry a
maximum of five hours.

Test apparatus. The test specimen was set in a special holder,

propellant side up (FIG 25). Implanted in the holder directly below
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the Tower surface of the glass slide was a photodiode looking np
through the glass at a point on the lower surface of the propellant
specimen. Directly above this point on the upper surface a hot wire
igniter was placed. Another photodiode was located near the hot
wire and was looking directly at the point of contact between the
wire and propellant. The response of the photodiodes was relayed
by the signal conditioners previously discussed (FIG 17), to an
oscilloscope.

Test procedure. As the propellant was ignited on the upper

surface by tne hot wire, the upper photodiode was to respond to this
1igh% by triggering the trace of the oscilloscope. The flame front
would then burn down through the thin Tayer of propeliant until it
reached the glass surface. At this point, the lower photodiode
would respond to the Tight emitted by the flame front. These two
responses would give the time period for burning through a certain

specimen thickness and therefore yield a normal vector burning rate.

Test Results

The test results according to Conley were inconclusive. No
repeatable burn rate measurement was established because of the in-
herent unreliability of the tests as they were conduc.ed.

Conley pointed out that there was no method available at the
time to determine how long the propeilant burned from the time of

ignition until the upper photodiode responded. Also due to the
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intensity of the hot wire igniter, a true burning rate, free from the




singularity of having the hot wire in contact with or verv near to

the propellant surface is not available. Existing literature

points out that the intensity 6f the igniter will have a great
bearing on the rate of reaction of the propellant immediately sur-
rovnding the igniter. After ignition the free-burning reaction zone
is sustained by the conduction of its own heat into the unburned
propellant ahead of the reaction zone.

Another unanswered question was whether the lower photodiode
actually saw the flame front when it responded or if it actuallv saw
light from the upper surface penetrating through the propellant
film. Conley pruposed that there was some light penetrating the
propellant layer but that there was no way of measuring the actual
amount of light, the time history of its intensity, or the source
(not wire o propellant reaction zone).

The conclusion for this test was that the measurement of the
normal vector burning rate would take extremely sensitive, accurate
instrumentation or very high speed movie cameras. It was felt that
due to the complexity of this problem, more useful information could
be gotten from the Tinear burn rate tests so the normal vector burn

rate tests were not pursued further.

Impact Energy Sensitivity Test

General

34

An impact sensitivity device” was designed and built to mea-
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sure the sensitivity to impact of specimens of a thin film of
propellant such as the specimens being tested for linear burn rate.
This test was to be analgous to the common weight drop test which is
used to compare impact sencitivities of explosives. The drop test,
however, is difficult to apply to the testing of thin films due to
the increased accuracy required. The drop weight must hit a small
but exact area with a uniform pressure impulse on every test. The
drop tests for explosives are usually done on large specimens where
«vrors of several inches are negligible.

A more iigid system than a free falling weight was required so
that the size of the impact area could be controlled more accurately.
Also some adaptability of the test apparatus was required so that
the impact tests could be varied and so that accurate instrumentation

might be applied.

Propellant Tests

Propellant specimens. The specimens tested were thin layers

of a propellant being tested for linear burn rates. The propellant
was:

45% Potassium nitrate

45% McCormick-Selph 510,164

10% Polyviny?! chloride

The propeilant was coated in a thickness of five mils onto polished

steel plates. The film drying time ranged from two hours to thirty
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hours. (This was one parameter studied).

Test apparatus. The testing system devised to meet the re-

quirements set forth earlier consists of a pulley-armature apparatus
driven by a drop weight (FIG 26). The contact area is located on
the free end of an armature which is rigidly fixed at the op-

posite end to a large diameter pulley. A weight suspended from the
outer perimeter of the pulley supplies the energy for turning the
pulley-armature mechanism,

The propellant specimen is located in a position so as to be
struck squarely by the contact area on the free end of the armature.
The velocity of the contact arza is dependent on the angle turned
through by the pulley and the weight that is suspended off the
edge of the pulley.

Test Results

Linnen pointed out that not enough data was taken to draw
concrete conclusions. However, the data that was taken indicated
that the age of the propellant film does affect its sensitivity
to impact. The propeliant films which dried the longest were
detonated by the hammer impact of lowest energy.

This test, if refined and instrumentated properly, would be
an excellent test for comparing impact sensitivities of propellant
specimens, especially thin films of propellant. The device could
also be used to study ignition delay times of the propellant

coatings. However, due to the priority placed on the linear burn




61

rate research, work with this apparatus was discontinued.

Comparison Test:

General

The first tests for comparing propellants before use in the
Tined hypervelocity accelerator tube were based on sensory percep-

- tion. The results are emperical relations between one propellant
and another propellant or group of propellants. The tests were
very useful and some are still used due to their simplicity and
applicability.

The tests were made for friction sensitivity, impact sensi-
tivity, and direct heat sensitivity of propellant films. Also noted
were any special results of coating and testing of the propellant
film. These special results included any abnormalities observed in

the propellant, propellant coating, reaction of the propellant, and

products of the reaction of the propellant.

Test Description

Propellant specimen. The propellant specimens consisted of

many combinations of explosives, oxidizers and additives and often
were composed of several layers of different propellants. The
propellant films were laid on polished steel plates in large patches
of uniform thickness. Thicknesses varied depending on the physical

. characteristics of the propellants and the desired results of the
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test. The films were usually from one mil to thirty mils in thick-
ness.

Friction sensitivity. The friction sensitivity of a propellant

specimen was judged from the reaction of the specimen to having
strikers pulled across its surface with some normal force. The
strikers represented the projectile surface contacting the
propellant lining in the accelerator tube.

Four materials were used for strikers for each specimen. They
were steel, wood, aluminum, and nylon. The strikers were shaped
such that a blunt surface contacted the propellant. The strikers
were dragged across the propellant surface and the relative amount
of force needed to cause some reaction {if any) in the propellant
was recorded.

Impact sensitivity. This test was conducted using a hammer

witnh a smooth, slightly convex striking surface. The propellant
specimen was impacted with the hammer and the relative amount of
force needed to fire the propellant (as opposed to some common
propellant) was recorded.

Direct flame. For this test the plate on which a given

propellant specimen was coated was heated by open flame on the sur-
face opposite the propellant film. The amount of time to reaction
was noted and the physical appearance of the propellant during
heating was noted.

A similar specimen was then placed in the flame with the

propellant surface being directly exposed to the flame. Time to




reaction and propellant film appearance were also noted here.

Interpretation of Test Results

The interpretation of the tests just described would be dif-
ficult to present with numbers or with concrete conclusions. The
tests were conducted on propellants of which Tittle was known at
the time. The propellant films were in a configuration which had
not been previously reported.

The observations made during these tests did lead to the
development of several different types of solid composite propellants
used in the hypervelocity tube lining. Due to these tests, for
instance, aluminum was édded to the nitrocellulose propellants. As
a result of the friction sensitivity test, glass and sand were
added to make the propellant more sensitive to friction.

The comparison tests were the only means of comparing
propellants until the burn rate tests were devised. They also pro-
vided the means by which the propellants could be improved or at
least changed by some scientific method while there was still some
uncertainty about the action of the propellant constituents in the

propellant liner.
High Speed Movies

Some sixteen millimeter, high speed movies were made of several

burn rate tests in atmospheric conditions and vacuum conditions.
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The movies were made with a Fastax Category IV movie camera capable
of film speeds up to 5,000 frames a second using Fastax 4X Reversal
type film. The movie films were used to visually observe and study
the entire burning sequence from ignition to depletion of the

burning of the propellant strip.
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EXPERIMENTAL RESULTS

Neneral

The discussion of the results of the experimentation just de-
scribed may be naturally divided into two areas both chronologically
and physically. The . carch done on nitrocellulose propellants was
completed before the summe. of 1969. Since that time the polyvinyl
chloride-based propellants have been investigated.

The burn rates of the nitrocellulose propellants are inferred
from the comparison tests. This is due to the fact that the reac-
tions in the nitrocellulose film which was coated on the steel
specimen plates would not propagate after ignition over the entire
specimen when tested at atmospheric pressures.

The linear burn rate tests began soon after the polyvinyl

chloride propellants were developed. These propellant's reactions

r

did propagate and therefore linear burn rate tests could be made.

Nitrocellulose Propellants

Nitrocellulose and Solvent

The nitrocellulose formed a thick, honey-like mixture when
dissolved in either methyi ethyl ketone (MEK) or butyl acetate (BA)
(10% nitrocellulose by weight). This mixture coated steel surfaces
with a hard thin (less than one mil) coating.

. The tests for impact sensitivily and for friction sensitivity
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showed that the coating was relatively inactive. Only areas directly
under the steel hammer surface would react when impacted. No re-
action resulted from the friction tests with steel, nylon, wood, or
aluminum strikers.

The specimen did not burn in the rpen flame when coated on the
steel plate it did burn when completely free on all surfaces. The
flame was not intense and did not produce a large gas volume.

After reviewing these observations and the results of lined
shots in the hypervelocity accelerator it was decided that the
nitrocellulose propellant was not producing the desired action in

the accelerator propellant liner.

Metal Additives

Although the nitrocellulose mixture alone was not producing
the desired effects in the accelerator liner, it was still an ex-
cellent carrier and produced smooth, hard coatings which were de-
sired. Aluminum dust (shiny) was added to the nitrocellulose carrier
to imnrove its explosive characteristics without changing its coat-
ing properties. The best combination was about one part aluminum to
two parts nitrocellulose by weight.

These propellant specimens were tested and found to be
generally more active than the nitrocellulose alone. However, these
propellants still would not strike by friction with the nylon, wood,

or aluminum strikers,
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The steel powder was added in the same amount by weight as the
aluminum dust but the greater density of each steel particle caused
the coating to run when coated on a vertical plane. The reacticen to
impact and friction was about the same as the aluminum propellants.
Due to the importance of having a smooth coating on the accelerator
tube walls, the propellant with the steel additive was not used for

any lined accelerator shots.

Abrasive Additives

As the addition of powdered aluminum increased the reaction of
the propellant without increasing its sensitivity to impact and fric-
tion substantially, it was decided to approach the ignition problem
by adding some inert abrasive materials to the propellants.

Fine sand was added in small amounts (one part sand to five or
six parts aluminum by weight) but the sand particles were not small
enough. The friction tests revealed that spots where the sand
particles were located would either react in the immediate vicinity,
or the particle would dislodge. The particle would then be dragged for
some distance underneath the striker, separating the striker surface
from the propellant.

Ground glass with much finer particle size than the sand was
mixed into the propellant in the same proportions as the sand. This
propellant gave a smooth coating and possessed greater sensitivity

than did the previously described formulations.
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‘ ~ : The steel striker caused a reaction in an area about the width
of the striker down the length of the specimen. It was observed that
the propellant had reacted intermittently down the length of the
specimen as the fringes of the reaction area were very uneven. The
aluminum and wood strikers also produce’ ¢-~-.ter reaction from fric-
tion tests than previously attained. The nylon striker still pro-
duced little reaction in the propellant. This indicated that the
glass was increasing the friction energy input considerably.

Lined shots in the hypervelocity accelerator using aluminum,
wooden, and nylon projectiles indicated that the propellant was
igniting too quickly and was slowing, stopping or destroying the
projectiles in *the tube. This pointed out the need for more accur-
ate evaluation of the ignition and burning characteristics of the

thin Tayer of propellant.

Oxidizers

In an attempt to make the propellant release more gas at re-
action, oxidizers such as ammonium perchlorate, potassium chlorate,
and potassium nitrate were added to the aluminum-nitrocellulose
propellant in about a one to one ratio by weight with aluminum.

Without the abrasive additives, these propellants were no more
active than the propellants with only aluminum and nitrocellulose.
Howéver, with the addition of ground glass, the propellants exhibited

. the same sensitivity as the aluminum-nitrocellulose propellants with
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the glass additives except that the reaction seemed to produce a
much greater volume of gas.

Propellants containing nitrocellulose, oxidizer, and ground
glass only were relatively insensitive. The aluminum dust apparently
was important to the reaction of the oxidizer.

Shots in the Tined accelerator with these propeliants resulted
in complete firing of the propellant liner, but also slowed, stopped,

or destroyed the projectiles being fired.

Addition of Explosives

Much experimentation was done on propellants containing explo-
sives in an effort to develop a greater gas producing propellant
liner. The graininess of the explosives also allowed the removal of
a certain amount of the inert abrasives from the propellant formula-
tion. This created a propellant which was as sensitive to friction
as the previous propeliants and produced a greater amount of gas
after ignition of the propellant Tiner. Black powder (commercial
and 15boratory made), RDX, PETN, and lead azide were all tested by
themselves and in various combinations with oxidizers and metal ad-
ditives. With the exception of black powder, all these explosives
made a more active, greater gas producing propellant from the pre-
viously tested propellants.

The black powder propellants were no more sensitive to impact

and friction tests than the glass-oxidizer-aluminum combination but
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did exhibit greatcr propensity for burning in the direct heat test.

Of the explosive combinations tested RDX appeared to produce
the greater increase in sensitivity and gas production. However,
even the reaction of propellants with explosive additives would not
propagate past the point of iwpact of the hammer or the path of the
friction test devices. The propellants still refused to react to
friction when struck with aylon or wood and very little reaction was
reaiized from striking the propellant with «Tuminum.

The lined shots made in the accelerator with the explosive
propellants yielded Toud gun reports and apparently more gas release

but did not give projectile accelerations of any consequence.

McCormick-Selph Explosi'es

Brown35, in his survey of explosive materials stated that
McCormick-Selph had developed some propr.ctary commercial explosives
which were apparcntly the only materials exhibiting reaction rates
between slow deflagration and detonation at the time of his report
(1967). Two of these materials designated Mc/S (McCormick-Selph)
300, 104 and Mc/S 510, 164 were used as additives to the nitroceilu-
lose oropellants.

The propellants tested with these additives were combinations
of oxidizer and explosive and combinations of oxidizer, explosive,
and aiuminum. These propellants were also tested in coatings with

more than one layer and different propellants in each layer.




71

A1l of these propellant combinations appeared to react nore
consistently with the impact test. The strikers caused more
propellant tc react and made more uniform paths of reaction on the
propeliant strip. Even the nylon striker caused some reaction in the
specimens.

It was often noted that the propelliant containing the McCormick-
Selph explosives would propagate partially from under the hammer im-
pact area or from the striker path. The greater the concentration of
the McCormick-Selph material, the more often this phenomena was ob-
served.

Also when multilayered coatings were tested, it was observed
that the McCormick-Selph layer, if on top, would react with little
energy input while the layers below remainzd unaffected.

Shots made in the lined accelerator tube were more productive
than before. Higher velocities and higher tube pressures were re-
corded. A typical propellant combination which dave good comparison
tests and also good lined shots in the accelerator consisted of:

30% (by weight) ditrocellu’.se

50% Ammonium perchlorate

5% McCormick-Se.ph 510, 164

15% Aluminum

Although better comparison tests and good 1ined accelerator
shots resiited from the additicn of the McCormick-Selph explosives
it appeared that some aspect cf the propellant formulation was

hindering its reaction. Literature available and contacts made with
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McCormick-Selph indicated that the Mc/S material used should be able
to sustain a burning reaction, once initiated, without any external
energy input.

After reviewing the properties of the solvent dried nitrocellu-
lose that was being used as a carrier and binder, it was decided that
the propellant problem was mechanical. The nitrocellulose was a good
binder because it dried in films. The films surrounded and isolated
particles of any additives. This phenomena of separating the explo-
sive particles from the oxidizer particles while still making a hard
thin coating of propellant was inhibiting the reaction of material
combinations which should have been highly active and whose reactions
would have been normaliy self-supporting once initiated.

This observation led to a change in propellant binder and con-

sequently to the linear hurn rate research.
Polyvinyl Chloride Propellants

General

The polyvinyl chloride propellants are the propellants cur-
rently being tested in the hypervelocity arcelerator. Linear burn
rate tests, normal vector burn rate tests, and the impact energy
tests which were described in the section on experimental apparatus
were conducted on the PVC (polyvinyl chloride) nroneilants.

The PVC binder was chosen as an alternative to the nitrocellu-

lose binder which, as has been explained, was inhibiting the re-




actions of the propellant constituents. The polyvinyl chloride
being used is a combination of Geon 27 (63% by weight), a commer-
cially distributed polymer, and Dioctyl Adipate (37% by weight), a
commercially distributed plasticizer.

Analysis of the results of the burn rate tests showed that re-
gardless of other parameters being varied, the longitudinal burn
rate was dependent on the thickness of the film of propellant. The

burn rates generally increased with increase in film thickness.

Coating Characteristics

The PVC coat® s were not as hard or as thin as the nitrocellu-
lose coatings. The tnin propellant layers which were coated on the
steel test plates and the coatings on the accelerator tube walls
could be applied smoothly and dried quickly (within one half hour).

The propellant was easy to mix and stored reasonably well.

The Effects of Low Pressures on Burn Rates

The change in pressure of the surroundings of the propellant
specimens from atmospheric pressure to a vacuum (five millimeters
of mercury) had no apparent effect on burn rates. This conclusion
is supported by information received from McCormick-Selph to the
effect that they had observed no adverse effects of vacuums on re-

actions of their explosive materials.
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The Effects of Propellant Curing Time on Burn Rates

Although mixture age and propellant coating age were recorded
and graphed as separate parameters, these apparently had little
effect on either vacuum or atmospheric burn rates as can be deter-
mined from Figures 27 and 28. These are graphs of different
propellant combinations for which burn rate tests were made.

The burn rates for propellant A (FIG 27) which consisted of
equal parts of Mc/S 510,164 and potassium nitrate in 107 PVC ranged
from several inches per second for thickness below five mils to 2000
inches per second for a twenty-five mil thickness. Propellant B
(equal parts of Mc/S 510,164 and potassium nitrate in 15% PVC) burn
rates (FIG 28) range from 500 inches per second for a ten mil film
thickness to 8000 irnches per second for a film thickness of twenty-
two mils. Burn rate data on propellant B is more scattered.

Further tests were made on a propellant similar to propellant B
but containing potassium chlorate instead of potassium nitrate.
These points are plotted in Figure 28. There are very few data
points but the potassium chlorate propellant did not do as poorly in
a vacuum as had been predicted based on discussions of previous test
results with McCormick-Selph representatives.

The different coating ages are noted in the graphs but there is
apparently no effect of coating age on the burn rates of thin films
of these certain propellants.

The physical appearance of the propellant strip also was not
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affected by Tong drying periods.

The Effects of Varying Binder Content on Burn Rates

Propellant A is 10% PVC binder by weight. Propellant B is 15%
PVC binder. It appears from Figures 27 and 28 that propellant B may
possess the greater potential for high burn rates at a given thick-
ness. Propellant A averages approximately 800 to 900 inches per
second for a film thickness of fifteen mils while propellant B

. averages slightly over 1000 inches per second for the same film

thickness. With the lack of a Targe amount of data on propellant B
this may be an unfair evaluation of the difference. Propellant B
however does exhibit some high burn rates in the ten to Tifteen mil
thickness range while propellant A remains consistently below 2000

inches per second for this thickness range.

- The Effects of Top Coats on Burn Rates

- Figure 29 shows the results of coating over the top surface of
some dried films of propellant B with both nitrocellulose and PVC
containing aluminum dust. These tests were very interesting since
Physics Internationa136 has proposed using a collapsible inner liner
surrounded by a propellant layer inside a rigid tube as a possible
method of obtaining hypervelocity accelerations.

The effects on the coating itself were surprising. The
nitrocellulose top coat did not increase the propellant film thick-

ness and often decreased it. No sure explanation for this phenomena
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has been provided. The nitrocellulose might possibly be penetrating
the PVC coating and, in drying, compresses the PVC layer.

The aluminum-PVC top coat was more Tlexible than the nitroceliu-
lose. Fragments of the unburned top coat were found after several
tests using the aluminum-PVC top coat. This top coat also snrinks
tne propellant film.

The burn rates measured for the propellant strips with over-
coats were generally higher than for propellant tests without the top
coat. The burn rates for thicknesses of ten mils to fiftcen mils
were generally in a range from 1000 inches per second to 4000 inches
per second. Several shots were abg;e 5000 inches per second for
this thickness range. For a thirty mil thickness burn rates of
10,000 inches per second were observed. These high burn rates were
for the nitrocellulose top coat.

The data from aluminum-PVC top coat tests fell at the bottom of
the data range in the 100 to 500 inches per second area.

The nitroceilulose overcoat may be increasing the burn rates of
the propellant film by partially confining the film on the surface
opposite the steel plate. This would keep the reaction zone slightly
closer to the propellant surface. However, the shrinking of the PVC
propellant by the nitrocellulose top coat also caused a problem in
coating lined accelerator tubes. This top coats pulled the PVC
propellant from the walls of the lined tubes to such an extent that

no advantage could be taken of the increased burn rates.

The PVC top coat appeared to be promising as an inert coating to
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Separate Frames of High Speed 16mm Movie of the Burning

of a Thin Film of Propellant A at Atmospheric Pressure

FIG 31
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act as a flexible tube inside the accelerator propellant 1ining.

The Effects of Different Oxidizers on Burn Rates

This area was not completely investigated but the res.1ts of the
tests that were made are worthy of being mentioned. Some burn rate
tests were made with a propellant similar to propellant B except
that the potassium nitrate was replaced by potassium chlorate.

Information received on some McCormick-Selph experiments indi-
cated thav the Mc/S explosives in combinations with chlorates reacted
poorly in a vacuum. However, the few burn rates measured in the
Hypervelocity Laboratory were almost as high as the propellant B
burn rates. The burn rate of one twenty-six mil specimen was 4000

inches per second (FIG 28).
High Speed Movies

Several high speed movies were made of the burning of a
propellant specimen. Some difficulty was encountered in filming
the high speed reaction in the vacuum chamber aue to poor lighting
and a slight change in the burning characteristics of the film in
a vacuum, It was difficult to isolate a definite flame front in
ihe movies that were made in the vacuum.

The film strip in Figure 30 illustrates the hot wire ignition
and possibly displays a reaction zone traveling down the length of
the specimen. Due to the graininess of the film and the lack of

sufficient illumination of the propeilant film and velocity




measuring stations it is difficult to determine exactly what rhis

zone represents. The burn rate recorded on this test of propellant
B was 4000 inches per second for a 15 mil thick specimen.

The pictures in Figure 31 are single frames of a film strip
taken of a reiatively slow burning  Fifteen inches per second)
thin fiim of prenellant A, The film thickness was mils and
the test was at atmospheric pressure The horizontal line just
below th »>right flame zone 1s the surface of the steel plate.
The small bright spnts in the background are the needle base

coilimators of the photodiode stations.




CONCLUSIONS AND RECOMMENDATIONS

Conclusions

In the beginning the primary task of this research was to
develop a fast burning propellant film for the Tined hypervelocity
acceleratce launch tube. This developed into a research program
for investigating thin films of propellants with burn rates in a
region not previously reported.

Several important conclusions may be drawn concerning the
burning rates of thin films of the propellants tested in this

research.

1. The longitudinal burn rate is ma'1ly dependent on thickness
ranging from several inches per second Z“or film thicknesses
of less than five mils up to the neighborhood of 10,000
inches per second for thirty mil film hickness.

2. There is little or no variation in burn rates between
propellant tests in atmospheric pressure and propellant
tests in vacuum pressures.

3. There is no effect of the length of curing time of the
propellant coating or of the age of the propellant mix-
ture on burn rates.

4. A nitrocellulose layer coated over the propellant film
will increase its burn rate but will destroy the bond
between the propeilant film and a steel surface.

5. The McCormick-Selph explosive apparently will react in
propellant formulations with potassium chlorate though
not as well as with potassium nitrate.
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No concrete conclusions can be made concerning the effects of

the change in percentage of polyvinyl chloride on burn rates. The
experimental evidence indicates that propellant B (the mixture with
15% PVC by weight) may be canable of producing higher burn rates
than the 190% PVC prupellant. However, the amount of data taken is

rot great enough to warrant drawing a sure conclusion.
Recommendations

It is obvious from the scope of this report that there are
many unexplored areas in the field of burn rates of propellants.
The burn rates reported here are in the range between deflagration
and detonation and in an area where apparently the orly other work
done was by McCormick-Selph in developing pyrotechnic fuse delays.

Brown35 has listed many uses for propellant formulations
which would burn in the range intermediate between deflagration and
detonation. Among these are explosively-actuated tools, chaff
ejectors, gas generators, meial forming and welding, single-grain
gun propellants, high acceleration rockets, and Lursters for
materials which a detonation would destroy. These are reasons enough
for a more complete search for and investigation of propellant
formulations which fit in that burn rate region.

For application in the lined hypervelocity accelerator tube
there are several recommendations for further study which could be

made:




More refined and more complete tests for 'onaitudinel
burn rates would possibly resuli in an accurate control
over the burn rates of the propallanz liner,

The refinement of the impact energy test mignt yield an
accurate method of studying the delcy time to ignition by
impact of propeliant films.

The addition of a high pressure test vessel for hign
pressur2 burn rate tests wouid give more information c¢n the
reaction of the propellart liner in the accelerator tude
and a give a greater capability for testing burn vate
theories.

The feasibility of using ar inert, c51lapsible inner liner
in the propellant lined acceleratoyr tube could bz studied
using the present burn rate facility used for studying the
effects of top coats on the burn rates of the propeliant
film.

A better capability for making gocd, high speed movies of
the fast reacting propeilant films in the vacuum tests
might reveal some interesting changes that take place in
the burning of the prop2llant film in a vacuum.

An examination of burn rates of thin films resulting from
the constant input of energy down the length of the specimen
may give results more closely reiated to the burning
phenomena of the propellant liner ir the hypervalocity
accelerator launch tube.
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APPENDIX A

RANLOM SAMPLING OF COMPARISON TEST RESULTS
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APPENDIX B

SUMMARY OF LINEAR BURN RATE TESTS



SUMMARY OF L INEAR BURN RATE TESTS

FILM PROPELLANT ELOCITY_(in/scc) TOP
No. | DATE |PRESSURE|THICKNESS Mc/3 T T COAT
(mils) KNO3{510, 164 | PVC 1=2 2=3 1=3

1 J10/1/69 | Awmos, 3.67 | 454 | W54 [104 ] 51.3 ) 51,3

2 1 ser | 6l.5 - Teus ]
3 6.3 222 222 ]
Tore " Y P R N
5 ver | | T
6 1.67

7 o aer | e | sas | e o
8 T ;3 o 22,6 72.8 4.8

9 e | ] Tea | 5.1 |
10 |10/8763 T 6.3 “T200 | woo 267

" 9.0 29 | s0 |30 | ]
12 9.0 N o

13 6.3

1k 2,67 222 222 222

15 9.3 667 667 | 667 |

16 [10/10/69 1.0 667 | 1000 |80 | T
17 12.67 645 w7 [Tese [T
18 o 16.67 B N B ]
19 ) B TR T I m'izksoh | 1oco 110

20 003 oo | 53 | 6w | |
21 12,0 7k 2220 1080

22 15.0 500 500

23 [10/14/69 16,67 0 e | e | 3o i
24 18.3 1000 1050 1025 N
25 19.0 2850 2000 2350 -

26 18,3 woo | i | amo |

27 | 10715769 10.0 N 645 oo h95 ]
8| 10.67 was | w ”&E““’“”"‘""”j




CUMMARY OF LINEAR BURN RATE TESTS CONTINUED
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FILM PROPELLANT VELOCITY (in/sec) TOP
NO. | DATE |PRESSURE|THICKNESS Mc/$ COAT
(mils) KN03{510, 164 | PVC 1-2 2-3 1-3

29 [10/15/69{ Atmos 11.3 333 1000 500
30 11.67 253 253
31 10.67 667 400 500
32 20.3 B
33 12.3 L1 364 400
34 |10/17/69 12.0 333
35 1.3

36 110/20/69 11.67

37 T ns

38 11.3 267 267
39 9.3 500 690 580
ko 12.0

L1 |10/21/69 7.0

42 8.0 339 9l LU
43 8.3 488 488
L 7.6 143 143
4s 70 83.5 166 110
Lé 7.3 222 222
47 7.¢ 153 153
L8 110/22/69 7.3 105 105
49 8.0 116 170 137
50 8.0 125 125
51 7.0 V37 137
52 8.0

53 7.3

5k 7.0 220 220
55 | 10/23/69 4.0 53 53
56 5.0 58 55 57
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SUMMARY OF LINEAR BURN RATE TESTS CONTINUED

FILM PROPELLANT VELOCITY (in/sec) TOP
NO. DATE |PRESSURE|THICKNESS Mc/S COAT
KNO3 (510,164 [PvC 1-2 7-3 1-3
57 |10/23/69| Atwos. 4,6 bsyn § 4sk  |10% | 122 122
58 5.3 9 AN
159 4.6 89 83
60 5.0
61 4,0 122 122
62 [10/26/69 0.2 | 200 200
63 11.0 400 Loo
6 10,0 500 286 362
05 10.0 500 500
66 10,6 667 667
67 10.3 Ly his
68 10,3
69 |10/28/69 27.0 400 400
70 18.0 1120 1480 1270
71 18,0 667 1140 843
72 16.0 500 500
73 32,6
74 21.0 1000 667 800
75 21.0 2200 890 . 1270
76 110/29/69 4.3 1000 1330 1140
77 16.6 1000
78 16.0 976
19 13.6 313 313
80 14,0 1000 1000 1000
81 17.3 w00 || 1ooo
82 [1/729/70 | vac 13.5 )
83 10,0 |
s Lol Jo L L




SUMMARY OF LINEAR BURN RATE TESTS CONTINUED
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FILM PROPELLANT VELOCITY (in/sec) T0P
NO. | DATE |PRESSURE|THICKNESS Tic7S COAT
{mils) | KNO31510,164 | pvC | 1-2 2-3 1-3

85 |1/29/69 | Atmos. 14,2 LLYA Ls%, 10%

86 Vac. 15.6

87 11.0

88 19.8

89 [2/4/70 | Atmos. | 18.0 ]

90 21.0 2700 22/2 ;;70
91 Vac. 23.0

92 22,0 o
93 22,0

94 24,0

95 16.0

96 |2/11/70 | Atmos. 17.0 1144 2222 1509
97 Vac 20.0

98 14,0

99 24,0 3000 3846 3345
100 22,0 2150 3080 2530
101 Atmos. | 28.0 shoo | 1820 | 2730
102 vac. 20.0 1330 1330
103 {2/12/70 | Atmos, | 22.0 1980 2140 2060
104 Vac, 21.0 .
105 Atmos, 16.0 42.5%] 42,54 |15% | 16670 16670 16670
106 19.0

107 20.0

108 10.0 548 455 490
109 22,0 817 615 701
1o |2/13/70 15.0 218 3840 412
Lt 14.0 294 5500 559
hz | 11.0 780 780
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SUMMARY OF LINLAR BURN RATE TLSTS CONTINULD

FILA PROPEILANT VELOCTTY (infocey ~ T 7o
NO. | DATE |PRESSURE|THICKNESS Ac7S CONT

(mils) | KNO5|510,164 [ PvC | 1-2 2-3 1-3
113 |2/13/70 | Vac. 11.0
114 "3.0
s 11.0 T
116 12.0
117 12/18/70 15.0
18 15.0
119 15.0
120 17.0
121 {3/11/70 | Atwos. 12,0 NC
122 12.0 2000 2000 000 |
123 Vac., 9.0 T I R R
124 {3/11/70 | Atnos. 1.0 2500 2000 222;
125 10.0 2500 1250 1666
126 Vac. 1.0 NC
127 1.0 2000 1428 1666
128 1.0
129 11.0 667+
130 13.0 1250 1538
131 Atmos. | 14.0 2000 2500 2222
132 vac. 14.0 3333 2222+
133 Atmos. 12.0 2222+ NC
134 Vac. 15.0 .
135 |3/12/70 13.0 20000 | 2000 | 3636
136 16.0 20000 3333 5770
137 19.0 46000 4600 6153
138 |3/16/70 12,0 6666 LT
139 1.0 Looo 3076"
140 ) 9.0

4 A S

|1 ) LI S 5000 | 22220
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SUMMARY OF L INEAR BURN RATE TESTS CONTINUED

FILM PROPELLANT VELOCITY (in/sec) TOP
NO. DATE |PRESSURE|THICKNESS Mc7S COAT

(ini 1s) KNO3|510,164 | PVC | 1-2 2-3 1-3
142 13/13/70 | Vvac. 10.0 L2.57 B2.54 {154 § 3333 2000
13 1.0 3333 2857
i Atros. 1.0 2500 1000 1428
715 3/16/ 70 15.0 1 1000 1052 1™
146 Vac. 15.0 2000 1000 1333
147 13.0 5000 16656
148 14,0 ARN 1052
149 3/17/70 12.0
150 17.0 2500 1666 2000
151 [3/18/70 | vac. 12,0 NC
152 1.0 (RRRE
153 Atmos. 13.0 769 769 769
154 _Vac 11.0 1666 1428
155 11.0 1428 9% 24
156 11.0 1426 1539"
157 11.0 74 1000~
158 [3/20/70 14.0
159 Atmos. 14,6 508
160 Vac. 14.0 1333 923%
161 130
162 15.0 307
163 4.0 470
164 14.0 571
165 |3/22°70 | Atnos. 14.0 478 909 625
166 15.0 666 833 740
167 vac, 1.0 Lss 833 585
168 15,0 434 488 500
169 14.0 ) 500"
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SUMMARY OF L [NEAR BURN RATE TESTS CONTINUED
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FILM PROPELLANT VELOCITY (in/sec) TOP

NO. | DATE |PRESSURE|THICKNESS YA COAT
(mits) | KNO3|510,164 | PUC 1-2 2-3 1-3

170 |3/23/76 | vac 13.0 L2.5%] b2.54 {54 500

1K 14,0 526 500 «

172 {3/31/70 8.0

173 Atmos. 8.0 166 200 182

174 Vac, 8.0 200

175 8.0

176 8.0 222% NC

177 9.0

178 8.0

179 {4/1/770 8.0

180 Atmos. 7.0 1000 375%

181 Vac, 7.0 -

182 8.0 222

183 Atmos. it,0 6h7 286

184 Vac 13.0 1333 1333 1333

185 13.0 4000 800 1333

186 |4/2/70 7.0 1006 667

187 9.0

188 10 0 1333 1000+

189 9.0 571 242

190 Atmos, 8.0 3u7 3435

191 8.0 1000 276%

192 Vac. 9.0

193 {4/3/70 | vac, 32.0 20000 J20000 | 20000

194 28.0 . 16667 11764

195 30.0 10000 | 4000 571k

196 29 0 10600 1,000 5714

197 |4/10/70 | Atmos. 7.0
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SUMMARY OF L INEAR BURN RATE TESVS CONTINUED

FILM PROPELLANT VELOC ITY {in/sec) TOP
NO. DATE |PRESSURE |THICKNESS Mc/s COAT
(mi ts) KNO3|510, 164 | PyC 1-2 2-3 1-3
198 [4/16/70 | Vac. 6.0 L2,sA0 42,54 |15/
199 Atmos. 6.C
200 {h/24/70 17.0 PVC-AL
201 Vac. 13.0 PVC-AL
202 14/27/70 | Atmos 12.0
203 1.0 61.5 210.5 | 95
204 1.0 LhYy 81*
205 10.90 PVC-AL
206 i0.0 108
207 vac. 10.0
208 11.0 T
209 Atmos, 10.0 PVC-AL
210 4.0
(211 |4/28770 | vac. 1.0
212 10.0 81.6
213 10.0 86.9 88.3
214 [4/29/70 17.0 8000 2000 3200
215 16.0 833 2000 1176 ]
216 13.0 166 PVC-AL
217 16.0 117.6 105
218 15.0 2040~
219 15.0 500 400 Ly
220 16.0 200 222 210
221 [6/172/70 10.3 2000 2000 2000
‘ 222 15.0 1600 1740 1665
223 14,67 4000 Lovo 4000
224 Atnos. 13.0 1250 1429 13365
225 13.0 1250 1000 il




SUMMARY OF LINEAR BURN RATE TESTS CONTINUED
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__PROPELLANT VELOCITY (in/sec) TOP
NG, DATE Mc/S COAT
510,164 -2 2-3
226 [6/17/70 1250 3330
227 578 1539
28 | | Tweer | | B ”
229 N 953 o T
230 670 T
231 ECRREE
232 900 ]
233 |6/18/70 1379 1429
234 769 527
235 2000 2860
236 556 111
237 |6/23/70 for KNO3
238 174 Ly,
239 3333 .
240 20000 1009
24 1 750
242 16/25/70 4000 hooo ]
243 . ) 7

244




VITA

Miles L. Sawyer was born 27 May 1947 in Llano, Texas to Sue
G. and James C. Sawyer. He graduated from Burnet High School in
1965. In 1966 he married the former Mary C. Lucksinger and they
have two children--Robert, age 3 years, and Catherine, age 3 days.
In August 1969 he received a B. S. Degree in Aerospace Engineering
from Texas A&M University. After completing R.0.T.C. requirements
at Texas A&M University he received a Commission in the United
States Air Force. While at Texas A8M University he was a member
_ of the Corps of Cadets, the American Institute of Aeronautics and
Astronautics, Sigma Gamma Tau, and Tau Beta Pi. He is presently
attending Texas A3M University on a Graduate Assistantshipn. His
permanent mailing address is 509 North Pierce Street, Burnet,

Texas 78611.

The typist for this thesis was Pam Allen.

105




195

Appendix B

Hypervelocity Laboratory Instrumentation




196

APPENDIX B

Hypervelocity Laboratory Instrumentation

Figure 1 illustrates the basic layout of the instrumentation developed
for the measurement of pressure in the launch tube and determination of
projectile velocity and integrity. The pressure determination is measured
from the resistance changes of either foil type strain gages or semi-
conductor gages mounted 180° apart in pairs in the hocp direction. The
series connection delivers twice the resistance change of a single gage
and cancels any bending that may occur during the shock of firing. The
first gage is a single high output semiconductor gage which is used to
trigger the oscilloscope trace for the data gages.

The projectile velocity is determined by the interruption of a
circuit printed on thin paper. The projectile integrity is obtained
from the sharp edged hole cut in the paper. The circuit for the semi-
conductor strain gage trigger is shown schematically in Figure 2.

A semiconductor strain gage was utilized to detect the hoop strain
produced due to the entry of the projectile into the launch tube. The
higher output of the semiconductor strain gage provides a signal of suitable
amplitude to exceed the trigger signal conditioner threshold determined by
the LEVEL SET Control.

An output pulse of approximately five (5) volts is produced as the
input signal exceeds the threshold level. Due to system noise, a threshold
level of approximately 60 to 90 millivolts was normally used to prevent

noise triggering of the system.
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Actual triggering occurred at varied times. This was due to the fact
that unlined tubes and slower burning propellants produced pressure trace
with a low slope. A spacing of three to five inches between the trigger
gage and first data gage provided sufficient time to effect scope triggering
prior to data acquisition at the first data gage.

A foil type strain gage balance and signal conditioner circuit is shown
in Figure 3. Although this is a fairly straight-forward circuit, some
deviation from standard practice was found to be necessary in this appli-
cation.

For example battery power for both gage bias and op-amp supply was
necessary due to a low level input signal. Also one element (coarse
balance) of the bridge completion circuit was made variable to accomodate
the variation in gage resistance for different launch tubes.

The op~amp gain was adjusted by selection of circuit values to
provide the highest gain with maximum upper frequency response.

"Antenna effect" noise was always a problem, however the low 120 ohm
output resistance of the bridge provided the best signal to noise ratio.

Careful grounding of the electronic circuits, as well as the launch
tube itself, was necessary.

The circuit for the semiconductor strain gage balance <nd signal
conditioner is shown in Figure 4. An investigation of the characteristics
of a transistor connected in the grounded base configuration disclosed the
fact that different values of emitter resistance would cause a shift in the
transistor's operating (Q) point. Therefore experiments were conducted
using semiconductor gages as the emitter resistor. Results have

been encouraging and have provided data comparable to the more elaborate
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foil gage and signal conditioned system

Figure 5 shows the schematic of the velocity mezsurement signal con-
ditioner. This simple break-wire system has proven to be quite effective
for velocity measurement,

Severzl variations have been tried and the most satisfactory solution
is shown.

Some difficulty was encountered with both "open" ballistic paper and
plasma effects and were eliminated by the final design.

A test switch was installed to permit simulation of circuit activation
as encountered during data acquisition periods. The addition of the interval
counter required the addition of a common collector conmected transistor
tc prevent low resistance loading of the system.

The interval counter-system block diagram is shown in Figure 6. Low
cost commercial counters did not provide the accuracy desired. Therefore
a relatively low cost counter was design to fulfill the particular re-
quirements for this application.

A 2,0 mhz oscillator and a divide by two I.C. module was used to
provide 1.0 mhz timing pulses. Gating voltages were taken from the velocity
measuring signal conditioner and controlled three mod-10 decades. Meter
readout provided an inexpensive method of interval indication.

The input gate and ready indicator for the velocity measuring system
is shown in Figure 7. The interval counter (Fig. 6) was at first tried
using only the gating voltages to provide start and stop signals to a simple
gating IC circuit. Plasma effects at the ballistic stations resulted in

spurious resistance changes that created several voltage excursions of
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204

sufficient amplitude and polarity to cause false velocity indications.

The circuit of Pigure 7 was devised to '"lock up" on the final ballistic
station change so that subsequent plasma induced changes would not create
false gating signals. Since "turn-on" of the interval counter could pro-
duce either a rest or non-reset condition a "Ready indicator" was included
to eliminate the improper condition as well as provide counter reset
indicator. The indicator I1 will be illuminated only when the correct
ready to count condition exists and is extinguished when either the second
or third ballistic station is open.

Figure 8 shows the circuitry for the velocity measuring system and
divide by 10 decade aid meter readout system., Three conventional Mod 10
decades were empléyed to provide x1, x10 and x100 indication of the gated one
microsecond interval pulses. The summing circuit was devised by a student
and has proven to be an inexpensive method of digital readout. Each meter
was calibrated to indicate 10 units and provided direct readout.

Figures 9 and 10 show the block diagram and schematic of the circuitry
for the 1ongitudiha1 burning rate data system using photodiode sensors.
Four 2N2175 phdtodiodes were installed in adjustable height assemblies
shown schematically in Figure 9. Various sized hypodermic needles were
placed over the detector to allow limitation of the field of view by
collimating the light produced by the burning of the propellant.

The ftirst photodiode (T) was used as a trigger to start the scope
trace. Velocity measurements were made by the displacements of the three

remaining photodiode outputs. This was accomplished by using the change
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FIGURE 9 BLOCK DIAGRAM.-- PHOTODIODE LONGITUDINAL BURNING
RATE DATA SYSTEM
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15 K 3v
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FIGURE 10 SCHEMATIC DIAGRAM - PHOTODIODE SIGNAL CONDITIONER




207

of resistance of the photodiode to develop enough voltage change to drive
a Schmidt trigger connected oﬁerational amplifier shown in Figure 10,

The output signal is provided from the frequency compensation (pin 6)

to give RTL current limited drive without the use of clamping diodes.

The data station outputs are paralleled to provide a single data output
channel,

In order to be able to identify which diodes are sensing, when all
combinations are possible, the voltage output from each was set so that
additions of combinations would result in unique values. In order, the
stations are one, three and five volts as shown in Figure 11. Various
combinations are illustrated in Figure 12, Knowing when each station
triggers gives velocities between any two stations for evaluation of

consistant burning characteristics.
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Appendix C

Summary of Results September 27, 1966 to May 5, 1970
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Tak [ooatine BASE PROPELLANT PROJECTILE SPECIFICATIONY  PENETRATION COMMENTS
LTS ver | oraess [miickaess | ocoar 2
. . 180T | DIA mss | wrens| ora
fos - e COATS tn n P tn
avg 1| es00 10 13 I 1 501 HC, 30% RDX 129 11 0z
20+
LIRS y 1 1 ? S0% NC, 0% RDX 267 wr 1433 ] thiovsh
2ece 3 ] 5200 1) . 1 ¢ 0% NC, 30% RDX 3 2 L1638
oce 3 1) ) b H 0L NC, 30% ADX an %) 1491
oct & 3 1 s 60% NC, 401 MDX 229 243 1509
act & | 2100 © 13 13 ) 861 NC, 3T DX 28 261 Bt}
oct 5 13 15 14 2 0% NC, 40% ROX %7 263 1439
gct 8 | w0 1 2 14 2 404 NC, 401 RDX 267 13 1697
1 55 6% KC, &4 4T RDX
ace o | 3500 13.5 22 14 1 40 0 NC, 40.0% RDX 263 1433
ot 9 {2 22 14 2 35 6% XC, 04,41 ADX 251 L2635 .16
LXS1 s 1¢ 2 SOX NC, 50% RDK .27 E 1366
through
ot 10 12 23 7] 2 60.0% C, 40 OX RDX .53 203 | Lrees]ann
w27
e 12 | counterf 13 23 HY 1 22 37 AC, 66,81 IOK, 1111 glasa .29 wy § o
Oct 13 ) 2.3 13 1 12 3L NG, 66,81 20K, 11.1% glass .26 20 | asa
IR 2 1 1 22.3% NC, 66.8% DX, 11 1T AL 23 w3 | asaz?
2. 47 [ 1.6 1b 1 22 3T %, 66.82 20X, 11 1% A1 .259 243 170 | 56
2an
5. L2 . 12 n 1 21,7  WC, 65.3% IOX, 10 *X AL, glass . J2625 % 1433 %
S 75 36 1 22 X MC, 66.8% K0X, 1101 AL .198 262 127 Tube 14 mot igmnite
207X NC, 65 TX ROX, 10 9% AL
R [ IR s ) 2372 yla 2275 2a2s] 1663} 47
T ’ 3 " 1 72 w8682 0K, 1107 AL 10] 2418 s12| ey
e 7 ) ih 1 22, 7L NC, 66,81 MK, 11.12 AY 2e R 731Y BV 78 IV
>y 1y 11 ;] 1e . 20% KC, €0 RUX, 10% glass, 10% Al .52 E [STLI ) Vires in base
weoin {320 13 3 Ia 3 202 NC, $0Z RDK, 10% glass, 10% Al 433 242 RON R Nitro on Tab
) 20% NC, 60T RBX, 10% At, 101 gb
e st ) s 5, 3 i 1 26.4% MC, 73 2% BDX, 2 61 glase 20 2618 1928 ] @1
3 ] 20% NC, 60% RDX, 20% Al
XN R 3 1 i M NC, 60X WX, 10% AL, 10% glass 32 .241 201 |4
3 202 NG, 07 KDX, 20% Al
o e 7 % is 1 20% BC, 0T ROX, 10T Al, 1L ¢ 28 (2635 Lsnfte
*J
through
oo | e 10 3 ia 3 22.2% XC, 66 8% ROX, 5.34 A1, 35t oe 242 BN Nitro o
HH
21 8% NC, 65% ROX, 10.8% Al Travaling Charye Projectile
Lo b 5 o I 2 2.1% gioss sis | .y | s |36 o Adepter slfd back 1/4 inch,
Zlasna. alib_LIALE.
21,07 NC, 5% RDX, 10.8% Al Adspter o114 back 1 tnch
) . 4 it 2 21% g 502 243 336 ] 2 7 Plases interlered vith trace
Tovd nofue, prefectiie deateoyed
e 22 | 4227 n 3 14 1 12 1 KC, 66.8% X, 11 1% glase 229 263 13 Blast detlector charred
e 13 ° 2 14 1 _2.3% ¥C, 66 9T RDX, 11 1% glass 2y 241 156 {27 Toud repore projectile destrayed
nee 13 Lk 14 1 22.3% &C, 66 8L RDX, 11,12 aes .23 .26 1522 Al oder, Loy
OIS N Bt " 245 24 150% Through enpanded HC & § compresscd M
(3L
a1 | e L} 21 0 1 Tube Ji4 not fire
Sa ML Muty) Acetste, 12T KiCru ¢riinluse, 4% Alominan

U W Ktres
. AFL Sutyl
4 ML maty)
v, BAX Ruryl
BT Myl
X AT syl

.

Acetate

T Alusfaus
. WYL Alominum, 4% Nitra Cellulose
1T Nitre ) iutnae, 52 Alesinme

Acetate, 9% Nitre e1iulnae, 72 Aluninue
Acetate, 31X Mitr, tedinlnee, X Alumimm

Aretare

107 Nitrs £oVlul sae, 3T Aluminue
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SUMMARY OF RESULTS CONTINUED

A coattnc | mase PROPELLANT YROJECTILE SPECIPICATIONS| PENETRATION coeEyTs
e v mess coaT N
tn - it CoATs LeRemi  o1a fhoid ures ) o
Tube from last shot, lovd notse
ot 17 " 3 14 1 2.3 §C, 66.82 MK, 11 1% gla 200 263 | a0 {36 Tobe fired
Scons & souotar did net sasard
20,70 KC, 65,32 ROK, 10.8% AL, Loud
0t 17 i 2 14 1 2 17X glaes an | e ] oaess Scope did not vecurd
Propellant did not fgnite
oct 17 13 14 1 22 T MG, 64.0% RO, 111 glass o | | oan HC vot ussé, galvenised stesd uesd
3557
. oce e | 28 I n ass | ase | o Tuba 414 no. fgatte
o 21,75 KC, 63.3% ROX, 10 MY AL
. nee 18 s ) 1e 1 237E ghase d s | e | oLees | a7
. - cope
~ ot 18 » 1 1e 1 22,70 X, 66.8% ROK, 11.1% AL a0 | e |oasn | s Trace began on gecend atation 1106
. 0200
3 oc 10 | %00 I ma te 1 22.2% ¥, 46,62 ROX, 11T A 207 2y | am| s Tube dtd net ftre
} sauntes)
*
oct 12 12 1 1e 1 22,20 KC, 66.0% RX, 11.1% AL ate | e | e | m Plarse tntertered vith trace
32 nylon Nylon and Wires. Wires separatel frem
oce 19 n 3 1e 1 0% %, $9% KOX, 10T AL, 103 glass ast | e ] osae 12 etees from nylon fepact,
through 2 layars of MiC,
B 3120 1 h ched
oce 18 feounter | 10 3 1e 1 200 %, 60% BDX, 10T AL, 107 glass W |am f oz |oes e o prosectila afcor Lapact
333 } 207 ac, <on Bk, 100 AL, 107, elass Tuvs 414 not igaics
oct 20 | counter| 8 5 3 te H Jo2 ALY 208 WhACLOL 260 s §oes | @ :"x’ sost “:'m cont Somlete :::';
4100 3 201 ¥C, 60% XDX, 20% Al Very Toud, gun & sdsptot blowa off
oct 24 fcourter | & 2.3 te t 20% ¥C, 40T ROX, 10Z Al, 107 slass a2 faa | o | ow shell extruded, projectile fa goed
222
[} 20t ¥, 602 RDX, 20% Al Vaty Tood, shell astruded, papaf packing
ot 2y ’ le 1 20T 5C, 60T NDX, 103 Al, 10% glass s s | am | e atound gua tgaited by {leme Mlrec. Flat
base projectile
2eea % o tle, Totl broke off, not
ot 25 Jeounter § 20 3 te 3 40% ¥C, 40X JOX, 10% AL, 107 glass a f 2z | o] e Yoot oo it mot fires scos o vent
comgh AL 220ex b i0ka AC A”
et 27 [ vy 1o 2 21 72 MG, 65,31 BOX, 0.0T AL, 2 172 glesf 202 | (262 } Lz | 3 Loud Mlast
Tuba e:t Jver weokand. Very losd,
et ¥ . IR 1a 2 .53 %, 63 7 KX, 10.81 A1, 3172 2% wo | .26 sdartor & gvn blows ol 1, projecttie dig
s
g o | s B 2 ) 0% mC, 30% %0X 1 | o.nes oo | s Projectile Mackened on base
4009
g2 Jwre |0 15 7e 2 0% M, 30% WX A% 1es | o208 | 16
- v
segz Jowrm | H 2 ' 30% M, 50% RX 1w ] .aes | oozos | s
wrh
s s (o fur 1 Ie 1 45X MG, 45T NDX, 101 3 a% e e | S0y odor
- 2erd
& 7Y .
gy L s 3 1o ' A5 BC, 45% ROX, 10% § s ] Lozse Tubs clesn after apt 171 - 10
Alomiom projectile
e [ s “ 1 5% W, 7% 20X az0s | wes | oxs Loud report, backiire
Rarrly dantad \rd ALALLOA
A 7 ¢ 1s ' 258 NG, 75% ADX 12 11 | .an TPL-10 Wood progect ile
Alumioun piojectils, Sackitre,
[ . 2 1 18X NC, 563 ADX, I8% Sand a2 | | Lo profectile came out B,
'
Aug M W " 2 la 1 15% NG, 48% KDX, 24% Sead, 12X AL 14 117 L0158 L - 10
Aapter moved back 2 Inches, (o
21 6% NC, 653 EOX, 10.6L A1
[ 4 " e 2 781 plass ' .59 wys .o | s pewier Sgulted on profect te iwn
Protectile hit blast dellcctor
21.8% MC, 651 DX, 10.8% AL, Exteneton tube wos vivd
3 [ 425 19 ] 2 82 glass 230 243 160 ——
21.0% NG, 65T KOX, 108 Al, Black powder on teb.
g v 1 415 N 2 PG 12 | L s | 36 Tube sl1é forvard 7 tnchas
Marter s11d vach 7 Tackes  Frojeciile |
1 21.82 Kitro, 431 RDX, 10 8% Al, 2 Axglas
wwy |3 |9 “s i ) 7.8% WC, SSLUDX 1342 A1,2.7E gless | 493 ] 243 | a3 {33 penetrated eatise Supth of honey comb.
21.0% KC, 452 RX, 10.8% AL,
Lo R REAL 60 s 2 2,92 glase 4254 28 A28 | 26 Tube d14 ot five.
say isfem. | ' te ' 3FL NG, IS gun posder, SYL MH,CLO, e s ot | 1e
Wiy 25 [9ee  In ) te [ 3T MG, 33% gun powdet, 3T MK,CLO, a2 fours fooas |2
.
,~ Iuly 29 | 60 4 2.4 2a H 39X MG, 33 gun powder, ITL m‘cw‘ 236 a7 .0la8 20
N taty 9 Joron o [ " ' 3% M, 75T MCLO, o e oz | e
§
%
i
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o
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SUMMARY OF RESULTS CONTINUED
TNE | coaTIG BASE FROPELLANT PROJECTILE SPECIFICATIONS|  PENLTRATION COMMENTS
oate § vz mess | mirckeess | coar N
fps - atls vocmi | oota | owass | wavees | ora
COATS 10 in s in
Juty n | 8200 10 2 2 1 25% MC, 75T MHLCL04 .123 nis| .osd s
July % | 6200 11 15 2 ' 250 ¥%, 75 % CLO, (120 193] oxo8 17
25% MC, 54T MHLCLO,, 13,52 AL,
ot 8 3] “ 16 2 5 4% glase 2 .22 3234
- 7L N, 4% MO0, 13 5% A
ace 82 | 5800 " 23 HY i 5 4% glass aus|oL2sns) s
27% NC, AT MM,CLO,, 13.5% At,
Oct 15 | (430 1 2 s 1 5,42 glase 2 1| wn Tube 414 not Cire
277 NC, S4Y MLCLO_,13.5% AL,
- occ 14 . 2 16 1 s 4 g A 120 ] e
. ] m NC, 3T MLCLO,, 16 ST AL
oce 2 9 2 a 2 55.5% RILCLO, 8.35T AL, 2% | o b oans] 2
9840 1 E LW CLO , 16.5% Al
ot 23 | counter] 8 3 1. 2 1.4 "f 35,57 WCLO,, 8 352 A1, s | L wse| 43
. auly 27 § 200 10 s 2 2 S0% MC, 50T MM,CLOy g | o [
g. o, su NR.CLO,, 13.5% AL, Tube set over weekend
Oce 15 | 2639 1 23 it 1 S 4% gl 232 | .zers| aan Looked rusty
sounter
27 NC, 36X MHCLD,, 13.5% AL,
act 16 . 2.3 1 1 5 4% gl a9 23 Tude set over weekend
1 G%_WieCL0;, 20%
ocr 2 ? 1.y ts 2 "-"‘ "°- 52 61 mudog, ” 152 AL, 2 o | oans| »
%0 1 71. »;. 3 WiCLO,, 1 AT, " Adspter Mown oft
I 26,30 NC, 52.6% M¥,CLO4, 13 15T AL 18t atatien shested off.
ot 23 | counter] @ 1e te 2 7 9% glass * ' Rl Bl ERLCS B Projectile not damsged
- 21.9% ne, 3 ST MI.CLO, 1) 9% A, NC & Black powder steached to
ooy 22 9 35 ig ) 2 792 ales so2s | L2s2s] L300 ) 36 projecttle on tab
27,92 MC, 55.5% WHCLO,, 13.9% AL,
bee 27 16 4 g 2 2.79% glaes 243 1 1,0 2
R R SIoE powder on Tob ST proyeciiie .
0230 27,92 XC, 35,5% WCL0,, 13.9% At, Projectite vent theu Ird statfon
et 3 oo ] ? 2 iz 2 2.79% glass ) L2463 32 “ 2
e Tojectile weat thru Ird statior
792 %, ” ST M, CL0,, 13,92 AL, Adepter & gun o114 2" on tube P jectile
we n 12 13 te 2 2,791 glas w“r | L 297 | 18 375 | Sroken off othervise no daaape
X] Plasms interfered
27,82 KC, 55 MNCL0,, 13 7% A1 on e, [ATvar
o2 ’ . 1 2 2.7 glase ’ 497 b3 | oaun| .30 ;::_?fﬁ‘m:::‘"“" *PLIL ta halt
2., . 351 M,CL0,, 12.9% AT, Placms nterfered with trace
rore v | 1800 2 5 e 2 2 7w 438 23 | ne i e P23 Luum. charge -
apter «1(d back 2 fnche
27 WL M, 55T NHCLO,, 13 9% AL, %o reading on s.ope "
w10 » 3% 1y 3 2.7% glase .302 2z | oy { 2 Traxaling,
- Maptar of
7 8 v, 5% MILTL0,, 13,92 A, vl 300 £
Mo 1) A0 3 & ix 1 2.7% glass il 242 23485 28 s b lraxeling charge
% resding va scopr
$1NC, 13 K% MCLO,, 42 AL, B glass Mack povder on cab.
v 16 ] 3.5 1x 2 71.0% 34 .305 242 25 | % Stesin geses teny
> 27,8% NC, 55T WMCLO,, 13.9% AY,
v 17 10 b 3) n 2 2.7% glass 256 258 123 47 Stzain ga saat
t Traveling charge %o scope reading
27 8% MC, 35T MILLLO,, 13.9% A
ww 26 | 1000 | 20 3, " 2 272 glese ! R ESIECIED oly strateht Ttnes
u ” nc. 35T M, CLO,, 13.9% AL, b Lroken off projectile
M 20 12 10 i H 2 12 glas e | 2005 | o | 1 Plaswa toterfered vith trace
T nc. 35% NH,CL0,, 13,92 AL, Plaama {61,  rred with trece
e 20 1" 33 e 2 2.72 glass 8 262 4 e | % Treveling charge
Mapter 810é dack | 5 tnches
2 3L NC, 15 S1 m‘cw,,. 4L A1, 81 glees, Strafn gauge test,
v 21 “ 325 1 N i 34 s aa | oo | e Srseld Savee ten
37 82 nc. ~55% m‘cw‘. 13.9% A1, Tad broken off
Nov 29 £} 3.5 i 2 2.7% 460 .20 <320 19 V:rzt:::u shot Only straight lines
) 27 8% xC, 5% NIGCLO,, 13 9% AL,
wv 29 [$000 1) 4 T3 H 2 7% glase ase faa fan | x 1.0 | Tube 6114 forvard 4 inchea
Aapter 3114 dackvatd 2 inches
27.8% KC, 35% WH,CLO,, 13.9% A1, ¥, 1 1y straight lines
Cec ) [N 1 2 2.7 glata 255 .2eas | ame | g o) vel. Only stratgh
h
Steel projectile
27,81 3¢, S5% MILCLO,, 13.9% AL, N
bec 1 525 iz 2 2.7% plase 427 Plasme interfered w b trace
>, Ting
2P B 0T, 5% MGTLO,, 13.9% AL, Aoptor 114 back 1.57. Trave
" tew € 0 5,25 nA 4 2 7% lese 5% 243§y e ;:.;g-- Sepe d1a ent trigger
Adapter knocked of [
35 W CLO,, 13,97 AL, o bare <
Dee & 7050 [} 7 NIA 4 . 451 .22 m n 80 | Yo Bese coar.
Black powder on tay, Adepter siid
k1R N 75"- W00, 13.9 AT, “wo 202 0 s 50 JMack 1.3 tnches. Flasms Interfered
PO Loc & 3 N/A 4 .70 5 - N : Nith Srace
e
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SUMMURY OF RESULTS CONTINUED

TN | COATING | masE PROPELLANT PMOJECTILE  SPECIFICATIONY  PENETMATION COMMENTS
oATE | vEL ress | mccass | coar *
toe - atle CoATS pLENCTH ] DIA HATS  {LAYERS | DIA
i in Ful in
27.8% cc 5% MiLCLOy, 13.9% A Aapter dlown off,
pec 8 | 5900 |10 2.375 | WA 3 2.7 gton ' s10 | L2 ne | a7 .15 ] Tab broken off (Black powder)
27.8% B3, 533 ML, 139 AL, Adepter alid back 2 inches,
oecd (300 |8 E XY A 3 1.7% glase T LI I TY 306 | 4 10 | Treveling charge.
27.0% ¥C, 33T WHLC0,, A, Tube 414 not fire
nec 8 | 2100 4.0 [ 3 2.7% gtase 463 %2 201 0 40 [ Ted Sroken off (Slack povder)
7 n -c. 353 WCL0,, 13 v. A1, Adepter s11d beck 2 tnc Tude vas
Dec ¢ ’ 40 A 3 Ln g 481 2628 | o0 | s <40 | verm. Teb broken of, (Mack povder),
sack
. 7.8 lc, 352 W,CLO,, 13.9% AL, u.,m Mown off nu Srokes off,
. Dec 12 7 3.25 WA 3 2.7% glas 480 242 NG » 50 (Black powder), Plasas interfered
;” Mith Irace.
S $5% M,CLO,, 13,92 AL, Adepter o114 back 1 5 faches.
Loe Dec 12 ) .25 WA 3 500 | .2 .36 Treveling charge.
s 17.8% WC, 351 K ,Cl0,, 13.92 AL, Adapter blown off. Plasas {nterfered
% Dec 14 ) 4.0 */A ) 2.7% gl 550 s | 30 | w2 .80 | vith trace. Black pouder on tay
- 17,81 NC, 55% WLCLO,, 1).9% AL, Adegter olfd Zack 1 iach
e Decte [ 900 |9 4,23 A 3 2.7% gle aes | L2e2s foaase | ae .50 | Black powder on teb.
‘s 27,6% NC, $3% WN,CL0,, 13.91 AL, Mapter o11d back 2%. Plarma faterfered
Dec 18 L] 75 wIA 3 2.7% gless 87 J243 232 47 .86 | with trace. Tab not brekes off.
»
271,62 MC, S5% MMCLO,, 13.9% AL, Plasws (ntarfered with trace.
Dec 18 3.7 L% 3 2.72 gla 23 | .53 | 4s .60 | Adeptar s1td off.
ShASES.
. 2.9 nc ST MMCLO,, 13.91 AL Trojactile hit third stetios, Tube did
tec 18 [ W3 A 3 2.7 gless - ' wn e | .aw pot fite, Teavaling cherge.
Flicns Tncerfored with trace —1
27.6% WC, 351 WLCLO,, 13.9T AL,
Dec 19 s %} A 3 2.7 glass i w0 faz s | s | Teaveltes charme
22,61 WC, 557 MICL0,, 13.92 AL, Aapter o114 back 3 taches. Very slow
Dec 19 10 .25 wA 3 2.7% glase 0 )26 a0 | o .90 |shot. Stratght lises on scope.
2791 nc. S5% W,CL0,, 13.9% AT, 10 feat tube
Dec 19 | 3200 |9 a3 wA 3 nng L4 283 M2 | 2 4 | Tove ves vara,
Tak found s shall ssss.
7.4 -c. 35T MH,CLO,, 10.92 A1, Tube 0114 forvaré 3y taches.
Jens leo |2 8.23 NA 4 .78 g s J.d | . | m .60 | treveltag charge.
.62 nc. 55T MCLO,, 1D.9% AL, No resding  Projectile Bit blast
Jor 8 ? 1.0 N/A 4 2.7% gles 498 262 i deflector. Treveling checge
520 228 WC, 35T WNCLO,, 13.9% AL, Tab penetrated 13 leyere Frojectile
Jen 8 Rab vel 825 WA 4 2.7% glase bb4 642 . 13 hit $last defleclor Adspter blown off
Sept 27 * Woles In paper but .n)mu. apparemtly
1966 » 1/4=1 pulled down tube by vacw
Sept 27 s 1/de} Progectile pulled dowm tudes by vacoum.
Pepe 18 5.3 /4=t 13 Papart Sreken Sut no velocity
-
sepr 284615 |0 et 19
sepr 2634323 }5.9 1em 1
“ Srpe 28 [ ¢=1 18 Scope fofled to trigger
Sept 28 k) 1/4=1 10 Scope fatled te teigget.
: -8 Papecs brokea by blast. Vrefectile
1946 3 -1213 Jan {epparently pulled dovm by vacuwus.
Jen 23 Ko vecuum. Mo velocity recorded.
1967 220 f.us « To clear previous ined shot.
Jan 25 §1293 a0 | 3 5o vacowm  To clesr ptevious shot
Jen 25 Ja61S 'y 119 .120 [To clear previous shot.
Jan 23 M0 pee vacwsn
cilloscepa é1¢ trigget but no velocity
. A1l atations Drekem,
~rit 2 11 st _shot _i» Nev Leb
Apri) 20 10 5?.‘.:2' nm be triggerning
April 2013000 110 3
Aprtl 2004600 1n Dashed acope pattern
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SUMHARY OF RESULTS CONTINUED
.
TA COATING BASE PROPELLANT L SPECIY PENZTRATION COMENTS
DATE vre ss THICKNESS | COAT
1
i - =ile CoATs e § ror wss uavess | ooma
ia A Fid in
Second oscation &1 not isdicate
Sept 29 | 44bi 5.3 J12 Jan 1 velocity based on let & 3rd t .
Sept 30| 4330 % Rt Ja21 18
Deac 1
es | 230 | @ a3 | 208
» Dec 1 4400 4 .1135 L1203
Decs | 4050 | & .20 { .120 11n-10
- dec s | 4ns 1% 120 .16
Jen 25 Te clear lised shet,
1907 % Ja208 | e Ouly let papet droken
vy |so00 |10 My fan | oo
Moy & 10 A17 W13 »022 Did mot trigger.
-
May & 10 2125 [ L1148 02 Triggered but did ot record.
Triggered but 41é sot vecord.
Hay 3 RiY .3} Lo Slov fask i gun discovared.
Hay & 10 .ns a1 023 Triggered dut mo velocity
vay 8 18 A1 .022 Teiggered but no walocity.
Trace triggered, 3 Ton paper
Hay ¥ W13 S brckeo and trece 41
. capl
¥o clear bresk on (hird statien.
Nay § 4700 10 .22 a1 02) Velecity calculated oa 3% secefon.
ey 3 10 «116 <1163 .02t Scope triggered Sut no velsciey.
Moy 10 10 WAl 116 .02 Scope triggered but me velocity,
vay 10 e K3t .022 Scepe triggered but no velecity,
Moy 11 10 o218 #1317 .021 Scepe triggered but ™o city.
. ey 11 10 .13 1ns o1 Scope teiggered but no  velocity
A
i ey 11 10 an s .023 Scope triggered dut mo velocity
¥ Scope triggerad but me velecity,
* May 16 ’ s ity <020 Paper tayed In frent of tedbe te catch
. Tn Tront of ¢
» . nz B E
2 CRRTE I T I KX 1 | .00 assa_mmtn asced
vy 15 | 4050 vs Rit) a3 .02 Paper hung aheod of tube to carch blast
No saper shead of cube Appesrs to
ray 14 118 a8 021 hav  triggerad on Ind atatien
Moy 16 Ny 10 ity .17 .02 Svaey speed too slow for sccutacy.
Paper shead of tude
May 37 10 .110 1178 -0205 No velecity recerded.
may 17§ 3750 10 B3 At .08 Neavy paper shesd of tube
Tepeted to1) plug used.
Hay 2 3000 3 <116 .16 1.5 Kew scope, olé camers woed,
moy 30 | <00 | o5 an 7 023 Nev scope elé comera
sy 3 L0 1] <121 B ss
ane 1 4200 10 -118% .18 023 Clear owt V1ioed shot.
L L KL IR IR B
- intr B Y 130 e Triggeted but m voloclty
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SUMMARY OF RESULTS CONTINUED

TAMK COATING BASE PROJECTILY SPECIFICATIONS, PENETRATION COMMENTS
OATE ver PRESs | THICRNESS COAT
NcT DlA mss LAYERS DIA
Ips - aile COATS in in ar tn

Sune 8 13 L1387 1y o Triggered but no velocity
Jure- 8 3800 1”7 311 Ja17 016

Teat for velacity out of sdapier
Juse 19 <136 118 0206 15 Triggeted dut no velocity

Plug damaged vory wuch

. . K sslltett t = Al strip weed

June 19| 300 19 125 11y 020 F l' : poper oul e w

Mepter test
Juse 191 3310 10 2128 »218 .020 17 Aluminue strip werd
Juse 191 8200 b 127 L1 .02t 15 Mapter test, Al sterip used
June 19§ 3200 2129 .10 021 Aaptar Test  rd statlom hit

Strel. gauges uied,
Jute 0 40 09 212 L0146 1% Velecity can not be Tecorded
July & 753 146 L1135 ors? 13 Scope triggered but o velocity.
iy ¢ 116 2113 019 Scope triggered but 0o veloclty
uly 3 2 108 13 o163 Scope triggered dut mo veiocity.
July & 120 <112 016 ScopL triggered dutr oo velocity
July 4 126 us .020 3rd stacion hit, peper not broken

Hit caak door, mo bleck backstop.
1iiy 7 7.3 109 13 L0158 Triggered ¥ut no veloclty
1.y 2 bL1 AR o098 313 0122 3
1ty 1 » 121 119 020 13 Triggered bul mo velocity.
Teig 2 106 122 013 Triggeres Sut w0 velos ity
1y 7 23 .098 12 0126 Triggered Wt no velocity

Deated

1y 10 4 Bt J1185 0193 [Only
Tiya: Cowater Test
taty 27 | 397 19 140 RiTY 026 | 20 Stroln gevges used £0 trigger scope
taly 27 | A¥4 16 2148 18 0233 Stretn geuge trigger

Na projectiie
tidy o7 n Strein gauge test

Yo projecttle
fuly 27 1 Stratn gouge test,
iy 27 | 20y " RiH 109 o Cleartng shwt

Steain gouge tailed £2 trigper
taty 2# | 2%, [k LAl 114 020 1] 19¢ statfon did

All

c et 1§ 20As L3 F2p ] 24 L1948
‘gt I3 FLA7Y L i) 2313 01835} Al Projectile from last shot veed
s JIREIS L5 ) L 269 . 2405 L1911 Projectile from lese shot wied
Sept 12 | 4130 n 135 241 A8

Pesetration of all covprersed W C.
Sepr 32§ 4150 L] - L1380 .251 .1163 + 15 cxpanded {31

Cracks on beck of projeciile.
<ept 12 [ 4190 . J198 %1 jbit] AVl compressed KC 4 14 layer expanded
Lepr 2 WL % %9 L2408 1387
LU K 218 L2481 us
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SUMMARY OF RESULTS CONTINUED
‘%
e |ooarine mst PROPELLANT PROJECTILE SPICIFICATIONS| PENETRATION COENTS
mrr | vee  freaess  Jrwiooess | coar
2
fos - =tie e | 014 wss Jures | o
coats 1n in P 10
scor 16 ey | 10 g | | oate
Sept 20 | 30 9 J20% 243 2% L” sdapter test
3" edapter test
Sept 20 ' 22 | o | aseo Teiggered, ro velocity
sept 20] 38 | 8 . 2 20 { .1500 Mogter test
sept 21 | 36 | o RTTI IX 3 186 tostrusent test
. %4 | 300 |13 a2 b | s Unlined, to clear out tube.
&
p e
= oct 11 | counter] 13 ase | aes | s
3
o o1z {0 |1 an | | oas
: Blent deflactor plote used
s et 12 | weo | 20 1 {0 1 ne 1t hed evidence of blast un ft.
»
: 130
agts | 3350 | o RTT I SNTTIN YO BT Tvo 3" tubes
i
%43 " .
g 15 | 3 ] 10 az | .es | Lo | e Twn 5° tubee
133
FPPETEN TS I I RELINN ENTUNE PR BT Alumtoum projecttle
et 27 s 26 w | | o2
3300 WC on tab  Tab on prejectile i
RN E w2 | .2 2 | a ¥C particlee found 18 KC, no
330
swt {300 |9 RT I 7Y e | s .20 | heck ecopa
%o tasding, lowd moise, ususual
v 3 ) a0 s fam | n .375 | for ualined tube.
1y 13 W3 | aas | oo | 0 Steain gauge test
‘v 7 s +523 262 360 2 Scraln gevge test,
[OPR TN EITA 202 | .22 17 | » Check scope
,- tec 3y b um } o w x| | o2 10 feet tube
: -
3eae ] 1150 .3 1 4761 K, 42,61 DR powder, Q6T AL 27 | ane | o022
i yuw 12 § 00 | 10 1 s M, mR ws | e | oo
: & fame 12 1 4 5 A7.6% BC, 47 4% Bk powdar, 4.76% AL 10 ans | ootes Fiat baee
e 23 | 420 kd % 70% Witro-Mek, XX Al 13% s #021 1%
taty 16 { €108 14 H o 0% XC, 201 AL .150 B .0228 1
. Ty 1) 1 5 7w, A as fan e
tay s | | o 1.7y t Nitro, Ik powder a5 | as o | 1w
Yo 21 §on00 | 10 . 01 A1, 70T Nitre-Mek a0 us | .00
- sty 27 fasoo |13 3 1 m o, 2 AL 140 1185 ] 0238
sty 22 15 1s 3 7w, 27 A a3 b | ome |12
wry 27 feso s 1.3 . X N, 2T AL LN BICE KR ED
iy 27 feeno |18 1.5 H m o, 2 AL 42 Fouss |l |
w2 Jera 7 “ MmN, 23 Al A foue |Losy J o
: T EY R T ) ) moec, m A as Jaw | ne
)
e
e
e
%
&%
- }
LIS _:'&‘ "
e b 3 -
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SUMMARY OF RESULTS CONTINUED
x  {coanmc PROVZLIANT PROJECTILE SPECIFICATIONS | rERZTRATION coeaznTs
ver | rezss  JTicReEss x
. e rewerx | o1A wss | taveas | oA
" - " COATS ta 1a N in
wn | 23 . Mo, AL .29 [T R TN B Y
s | oas 1 902 ML K., 108 XC RTINS TS 19
woo | <o 108 3 0% M.EK , 102 % an | oo 1%
wo |40 } 2 0% M LK., 103X .13 u
eo 3 90 H.L.K., 102 %C e | e
+0%0
“20 t 4 207 K.L.X., 102 NC | .un
3190 ) 3 WLNLK, 101 % an | oan
ss 1 . 902 WX, 102 NC A | an
500 55 ) n2x, 172 A a0y | Lme 02
18 3 9”"zac, 92 A aw fus oo
o0 |9 5 1 N1 M, 9T A 146 e | .o Tepered nose
s | 1 s 7L N, 1AL sk f.us | ooz Tapeced nose
o |y i "1, A an | s | e Tepered nose
€7 6T NC, 47.4T Blk pordec,
1 1 476 A1 a6 | us | Loz
19 13 ) 47 6% M, 47.61 Blk poder, A% an | o
10 1 1 £2.62 0C, 47,61 81k pender, a1 e | o2 Flet base
% e 1 1 47.6% %, 47,61 BLK pawder, 260 | e § oo
“at
P72 BT ¢ 1 mxc, 1 A aes s | ooz | e
«230 {16 ¢ 3 mac, M A 120 .z | .onee | 16 Toe $° cabes
bl
counter] 8 3 t 7N, 23 AL a3 s | os | 20 Tvo 5° tubes
) ) & ST NC, 46 4L Paca. 15t | | o.o2er
H 12 ] 46 &%, 26 7% Petn 26.7% gla g [aas | ony | 2 Pellar beoke wp
16 72 Al, 30% EC10y, Wylon,ateel wires Tellet trecvered
o » 2 1 w2 |.ns |0y |2 vithout wires
¥ixes [puad ta tapk
' 1 16 7% WC, 16,71 #1, 30 KCLD4,16 72 glae
[ v H ) 15,81 %, 84 2L R BRI NI 0409 A1 profectile tecoversd  Demted HC
3 16 % NC, 16.71 Al, SO KCLOy,16 72 glas, pratertiie, Hemy holes in rd
30N ” 1 1 15.0% NC, 8 21 MEK 119 ns o168 2 tojecttle ot fownd Fawd
Plensglass  Only trash hit tat statton
a ya 1 16 L 2C, 16.7% AL, 50T KCLOy,16.72 glaed 123 |.118 an Tvbe d1¢ mot burn tuity
4976
aw > ) ’ {1446, 12 80y, 151 @1 w2y |.ns o | 3 At projectile  Mase aftere 0303
as 1 208 C, WL KCLOg, 200 gless, XX AY a2 lus flows Al profecctle mot found
3990
“h e 1 202 M, 0% KCLOy, 208 17 iy oz |02 houd report, butaed clear
iusinue, Melted A1 Biod found
n 16 1 202 KC, 3T KCLOy, 201 glare, XL A gz far flosey keould be progecttle
5000 WIlcn, eluminum tas, Hlmer's glue held
¢, nyleo undemeged ]
spe [ 2 1 0% mC, 30U KCLO;, 20% gless, W2 At |23 | us | om et Bt i
(3373
counter 2 1 201 %, 301 KCloy, 201 aw s s e 0 Plug costed with M ond gl
Two 3 tubes 104 tebe 414 ot Tice
nee 10 i ' 1672 %C, 16,72 AL, 303 RCLO3, 06 7R glasq .113  |.130  |.0l8 Dented HC onl
Nyion & wices te 397 without wites Lo 172
] 16,72 KC, 16 72 A1, 50T XCLO3, 16.7% fieq oo 3° tubed. 1ot tube parttadi= Clced
573 7., 1 13,80 NG, 84 2T WX 1146 [SUN KUY ind tube did aot fire
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SUMMARY OF RESULTS CONTIMUED
) TAK | coATING s PROPELLANT PROJECTILE SPECITICATIONS]  PENET? TIOK COMONTS
oare  [aou rarss | murcxness | coar
3
’ - wils
COATS wacrh | ota | wass  |uavexs oIA
in ia g in
Al projectile mac foud | O1d aot it
1 . N d stetion tube not f{ire,
LR -2 3 2 » o3 | 044 3at tuvs ficed ooir sddatos.cad
te.?
sug 2 Jesuntar] 10 . 2 2 252 %e, 1% Ke10y 16 1 o s Blast prodebly triggered acope
- 4500
Aug 2 et .0 3 2 2 25% MC, 75 KCL03 162 A 02 12
- s
avg 3 feounterf 105 1.2 s 1 200 ¥C, 0% KCLOy, 10% C .ne 1175 | 0181 | Destes toud, dented KC only
A ) |08 9 3 1a i 20% ¥, 70% KCLD3, 10% C L1338 ne 0253} Deated Loud, dented NC only.
1231 BC, 60.9% KCLOy, 5 71X 280,
aug 7 23 s 1 19 032 Send m us o019z tre-10
Y3 nc. 0.9% KCL0y, 3.712 20,
Mg 7 H s H 19 052 5 BE) Jues | oese Alusinm
IN? 14 31 K, 60 9% KCLO,, 5 71 ZnO,
s {2150 fu Py 2 1 19 051 Sand 129 an oums {135 Bachfire, tube dida’t Dura compliiely
IPL0. - Frojeciile 418 ot ML ded
Aok 8 2 2e 1 4 L NC, §0.9% KCLOy, 3.71% Zan, 123 e .otey on of ¢
n 053 Sand lnu [3 »ds conu unh »out
93 5% £N0y. 16,52 C, ¢.35 Llmar's Glas,
sy wfarn |y 182 1 1a.58 Uj0Y's Methyl ‘Ceilutose 108 NiTs 61e |19
sty 18 | ¥ . 5 1 5 &3 Elmer's Clee, 81.5T KNOy,
iy 00§72 23 18,15 20, 18.5% €, 1) Dextein RIS FUH o |13
July 18] 3%3 12 3 1 4.35 Elmer’e Clue, 83,52 KNOy, 14 59 10, | .120 .12 .ciee | 17
16, €, & Methyl Celiulose
3.65 £lmer's Clue, 81.5% KNO;, 18,15 H,
ESTATY FETI L) 23 r e A e G > e fas fos |
1 I Mitro, 7% AL,
sty 19f2e70  f2o H 1 10192 K0y, 3.75¢, 2.5 8 126 ne .018
Jaty 29263 u H I 2 74 97 KNOy, 14 952 C, $ 9L S 1% Rit) one | 11
July 71 {6000 {3 2 1 1 76,91 KNOy, 16.952C, 9 92 S 13 a9 L0268 | 13
sy 36 fesze s 1 95.3% WIyNOy, 4.7L AL, I Elmec's Clee, f.124 Rit) ons |19
JH20
sl Jore |9 1 1s i S0 MC, 502 Lesd Azide, § MEK BT Bt 0203 | 19
sest 21 [ 328 12 2 i 2 SOL MC, 1 Silfca Gel, 50% Lead Astde i faa e | as
tuly 13 {3008 1 2 3 Slack povder and GClue .n? RN .ot frube 414 not 1gnite.
T 47,62 NC, 4,763 AL, 47.6% Btk ponder,
Juty g |oeem .. ) 18, 2 A A28 12 .02
1 N 72 Witro, 62 5% Gun Powder, 6.32 Al
oy 44 [e 2 ' IR 146 .1e 0253 HEE 3rd statton
Tady & Javi k] 2 1s H % Nitra, 30T Cun Powder, 8 MEX 145 qnr .0222 15
(AT PRI 1 ' 1. 3 301 Nitro, 30X Cen Pouder Bit) 1 an |is
Yo 4 10 ) 27 82 KCLOy, 33 6 W, 16.7L Al 126 .y .02
Toon s Y 5 1 17 8% K10y, 35.6% MC, 16.7% Al 126 Bit) [
NP TR 218 14 1 3% 1 I NC, ITX Cun Yowder, ITL KCLOy 22 L1188 [7]
suiy 28 fromn ¥ 1y 2a 2 I N, IR KCLO), IR Cun Forder s BIH ois7 |13
saly 28 [920 I 1 2a 2 30T Nftro, $0T KCLOy 123 A1 ok e
[ 22 12 BC, 46 SX KCLOy, 22 12 C, BIX glase
sept 33 Josoo e 3 | : 42 X BC, 4T% AL, 172 Clans BUS I 153 a2y
1 75.61 WC, 50,78 KCUDy, 17 J% A6 &% g1 MK
. 1 5% Me, 252 XCLO3, 12.5% Al, 25T glass 183 L4 [ane |20
pt 16 Juon I8 3 1s 3 I xo 2wl 12.52.€
2 2% WG, 25T KCLOy, 25% Rlase, 12.52 A1,
wp iy fien i 4 1 ? mac, A wsre | g Jase e
[ 752 w6, 771 KCWy “last § of tude was coated 1o bulld up
Capt Y 'l 1a ) 9% wr, 75T KCLDG 04 2% 423 mn hall to have mur nunlh?l avall
i 2 NG, IR AL atnicctile 1o awving freivy
. ' A2.9% WO, A2.92 ROy, T4 T AL . i
wpt 22 “ 1e N I, (251 EN0y, 15T ". 1 ) 248 2605 980 acts dlowm ol et ation
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SUMMARY OF RESULTS CONTINUED

TANE QAT BASP PROPFLLANT PROJECTILE SPECIFICATIONS]  PRNFTRATION LR NTS
UATH VL Frras FIMICKNESS 0AY
%
( -t LENCTH DIA HASS LAYERS 17
P - - coats n 1n I n
3 42 9% NC, 42 9% KOOy 14 X ad Adapter blown off
Sept 25 19 1a 3 14 1% NC, 71 41 KNOy, 14 3% AL 23528 241 1445 Ist station blown of f  Very lowd
200
[PRTY Beiec I 1 1e 1 37T MC, 33 KCWOy, 16 TR AL, 167X C 120 18 040 Aluwinom project tle
1100 Alumioum Base on ayloe head
avg 22 | 3000 H 1 10 1 25% MC, 25% Kel0y, 25T A2, 25% glass 120 us o3} 1w Bylon only recovered
167X NG, 16 7% AY, 503 XCLO Al projectile
g 22 0 t ia 1 16 7% glass * > 124 11s oue 0oly 1st atation Sroken
Profjectils ok ]
16 7L ¥, 16 72 AL, 302 KCLO, Al base on nylon hesd
avg 22 £ 24 1a 1 16 7% glaee 198 131 ) 0341 Only lat stetiom broken
16 7L 8, 16 7% A1, S0 KCLO3,
'S aug 25 | 8000 0 23 1s 1 16 7% glass ] 1y os1| 12
16 7% NC, 16 71 A1, 50T XCLOy,
Ag I8 1 1a 1 16 72 glass 163 uss | ooas} < Very slov
16 7 KC,16.7T AL, 50% KCLOg,
~ug 28 2 3 3 16.7% glass .163 nes | 0
16 73 MC, 16.73 A1, 302 KCLOy, :;‘;z:cxl-“l‘:::‘;:‘k- 13" down tuve
- Ag 26 1 2 10 1 16 72 g1 135 s %8 ® oks Alumina Kone el
16 71 %C, SO KCLO,, 16.72 gl Nylon head, steed tatl
Aug 29 s 1) 1. 1 1.7 A1 138 uss | Lo Projectile not foumd
1 16 7% NC, 30T KCLOy,16 7T glass,l6 72 Al
iy W z s 2 N, A 127 1178 023 Plextatans projectile
0
ter, ¥ 1o 282 NC, 35X MM, C10,, 141 A1 Hase of projectile before = 209
M X B R (R /A 4 32 gleas L] Ay \242 L343 . SMade 3/8 ia. hole in 1/8 ta. Ad
) %C, 2 W CLO,, .5 AL, 208,
1.1 13 3 NiA & .1 gle 502 ™ 1] N Back ired Styaln gage
202/
Peooy 13 .5 NIA “ 1M, 20,00, 3A), 1 alass 4308 w2 3l !ruAlellr Hit blest dellectior Sivalm
3
<204/
Fou 14 i3 45 MIA 4 INC, 2 M0, CL0;, .5 AL, 1 glass 508 243 323 Back fired Strain gaxe
203
Fou 13 3 KIA 3 1 KC, 2 MM.CLO,, 5 AL, I glese .506 263 | e Pack (ired  Strein gage
<209/
Vet 42 15 s N/A 1 170, 20,C0,, .5 Al. | glase .520 242 .32 dack fired  Straln gage
2
ey us | D 2 3 NIA 2 NG, 2 MICLO,. .3 AL, 1 glase % 240 205 Strafa gage
szansss)
W04/ Steedn gage  Projeccile hit Blast
e I3 . NIA 3 1 NG, 2, CLO,, 5 AL 1 glass 312 262 » deflector
5% .20/
[T SO ) 2335 [wia H 1RC, 2 MCLO,, .5 AL, .1 g 527 242 364 Trojectile hit thicd wescton
e trala gage
. 1 Yy
sex 1y oo, | ? K/ 2 1N, 2 M(.CLO., .5 Al. .1 glass 530 261 35 Dent tn Al plate  Scrsin gage
2000
Tube d1d not fice
15 20 | comter] 2 30 L 2 1 KC, 2 WG, 3 AL, .1 glase .308 262 n Stratn gaga.
F 2800
1.5 2. counter] 25 4 w/A 4 1 XC, 2 M0CLO,, S Al, .1 glass .522 242 363 Strain gege
L2157 Projectile hit blast deflector
1o 23 13 3 N/A 3 1 MC. 2 MO0, 5 AL, 1 gless 2% 261 31 Stealn gage
193/ Prejectile hit blast deflector
1oy 23 " “ NIA ] 1MC, 2 MCL0,, 3 ALl glass 425 22 .329 Steain gage.
M 100/
red 23 | couneecf 9 3 NIA 3 1 KC, 2 W,CLO,, .5 AL, 1 glass 417 261 337 ] 25 ) ad Strain gage.
193/
rv s {w |a Unllned 453 %3 338 Strain gage.
v 26 |ooo s Unttped an 262 187 Strein gege.
e 26 | 2700 Unltoed 268 L263 200 Steafn
162/
rev 28 om0 |n o5 WA ) L ¥C, 2 BN,CLO,, -3 AL, -1 glass 70 261 198 | » ) Strain gage
193/
heor 1 y 45 "/A 4 1N, 2 NGO, .3 AL, .1 glass 513 262 us s Slow
¢
AR ) ~
S
e
e
=8 .
=
i -
LV
o
2
7
R -

3 IR

TG
e

AL A B S0 Bt e
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OATE ver, Qe Jonar- | wooor PROPLELANT FRO1CIING ) PERETRAFION (:::n:n ::::s Ntory T;r;s A::wv‘n.. COMMFNTS
raess § 1N0 COMPOSITION LenG [ 1A frass w Jua o foo o e yggee | est foanes
a4 oreTH Mu M T P 1114 1N vy
March 22 1810 1 3.9 3 1NC, 2w, €10y ,.3A1, 10 488 £.243).103 1 280 JRR— Flapper caught
343 blase, R
I&teh 2 == 110 4.0 3 104G, 20, €10y, . 5AL, .10 507 ].243§.192 § ~~- Etad Projectile hit
. 11 flapper valve
Harch 23 2630 | 12 -~ - (Untined o527 1,283,189 1 321 378
v 326
E -8 Hareh 28 Mo 11 - - Unlined .2621.2620.191 | I8t .400]
2 March 24 -—— 1 14 3.0 3 18C, 2M,C10,, .3AL, .1C ———eae=ad.1968 | 290 -]
3 a8
L Merch 27 e ) 16 4.0 3 jinc,2mm,c10,, .5A1, .10 o526 § .243.106 ) -~ ———— Projectile rve-
< N vorsed divection
- and come out of
‘ breech
Aprit 2 3000 § 11 5.0 3 1NO, 20%,C104, .5AL,.2C oS491) ,2621.1921 1%L Iy
an
horst 2 6200 § 19 4.3 4 10C, 201, C10y, .SAL, .10 JS24) .24 213 375
. a3
April 28 e § 28 2.5 3 JinC,2mMC10,, .SAL, .1C J5097 241 197 26L 375 Tube slid forvard
. thres imches,
Mtst 20 fivre ] - ~= 13 lsec, 1.9 s0x Sé1f .244 1900 23 .379)
Aprsl 10 2777 § -~ 40§ 1 iNC, .30
2 fuc, 1,5 AR 5421 .24 —-e] 29 {379 .
2 e, .3 0
Aprtl 19 ﬂ!"o 12 4,8 1 iNC, .56
2 e, 1.3 20X .s40] 247 .107] 200 f.25d
2 jimec, Sa A7
Aprid 19 3300 § 14 s.0 } 1 e, .30 ) Tube blova
3 jinc, 1.3 ax S60] 244 .198) 6L .30 forward three im,
Ty
Aprad 34 130 | 10 2.0 | & Jinc, B J4v8].2429 102]
Ryl
April 28 4600 L ] 1.0 } 4 1NC S477.244 | 190} 0L
&7
Aprid 35 130 | - 2,251 & e W47 264§ L190) 0L
7
Apesl 37 30 § 11 3.8 | 4 e, 2 mx .5291.2624 .103) 2L |10
Ny
Aprald 37 4900 | 12 3.3 & INC, 1 KOX .3291.243 ] .196] L .25
. .
agesh 0 fore {1 104 Inuc. .05 A .520].243 .ml 3
37,
Ih‘y 1 10 | 10 35 |4 llnc, 1 a%, .10 .507] .243] .198F 0L }.50
Y
-itley 3 ° 3600 ? 30 3 hc. 1 X, .10 .561].2421 1871 ML .50
327
May 6 bt § 19 2.9 11 pue, M 2184
2 pec, toax .592) 241 | X T ¥ 1]
7 k706 § 17 1.3 ] 4 juc, 1, .50 561 .243) 102l 20 |.%0
&2
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PROTECTING PENFIRATION JLAUCE ] BASE SLOvE LY. AV Vi, COMMENTS
DATE VEL fTANX JCPAT- | HO OF PROPEI LANY | \rECLLCALNGS [C N FTTE Euws SN
PRESS | 1IN0 COMPOSTTING 1ese J ota mss ulA | N, "l LAvoES
{38 UYPTR § COATS Frad gl il (LRI 47 Ll 1 /0eC Py
May ? 4150 ] 12 2.5 3 nc, 3AL, .57 oSS1F 298 .177]F L {lays
«399
llky 1 ] 3500 | 17 1.0 4 INC, 3AL 572 .243F. 191 § 26L .80
Iihy 13 2400 s 1.0 4 NC, 3a1 .529 | .240].126 | 260 .15
Moy 13 3250 ’ 1.5 4 LNC, 3A1 2837 §.2421.200 1 33 .80
| iy
ey 14 6300 L] 4.0 4 INC, 3W\C104,.5A1, .5C «582 §.2421.197 | ML 1.0
<506
ey 14 e ] 3.0 4 INC, 2W,C10y, .5A1, .50 2922 § 242} wae | aee —— Tube wie warng
fived in fromtot
projectile.
Moy 17 5900 § 21 4.0 3 iec, 2mC10y, .SAL, .97 [ .520).243].1890 dor .18
E13Y
May 17 . 3920 | -~ 3.3 3 INC, 21, C10y, .SAL, .50 +330 1 .243).196 § 3L .80
7 .
Moy 20 200 | 14 3.0 b3 ANC, IAL 6197 .243.1921 I8 « 375§
3 neC, 1 WX, ,10 I
Moy 20 K900 § 13 3.0 4 NC, JAL 632 240,196 § 261 +50
K2
Iy 13 200 J1u Jao |1 hwe, am, .0 Tank blown back
3 jic, 3 mX, .10 622].243).193] o= jeee ons inch.
1 NC, 28M,C104, .10 596
May 24 pes2 12 4o 1 pwe, 31, (S0 A6) 190 1.38
! 2 e, 1x0x,”.50 S P -
7 jwc, M, Cloy, .SAL, .16
» k700 } 13 4.0 1 pue, 3a1 630 | (2441 296 f ooe  feew
r..’ 3 jnc, 2nm,Cl0y, .SAL, .20 3
June & Ro11 § 10 —— 1 one, 3A1 483 ) L2194 23 W43
2 NC, 2M,C104, .5A1, .20 ¥}
June & j540 | 16 2.3 3 onc, 3A1
2 C, 2MA4C105, ,5AL, .20 { .467 ] .24%.2971 131 |.379)
i)
June 3 rm 14 3.5 3 hnc, 2, C104, .5A1, .20 4671 .24 1881 L .05
iy
[June 3 p400 § 18 2.2 3 NC, 2MMyC204, .SAL, .10 03] 248 .104] 23 A3
426
[Huns & bome § 24 3 3 RNC, 2, CL0,, ,3A), .10 46T} (2404 .207) - e Hit flapper velve
428 Apperently figed
ahead of projectil
Hume 12 308 |23 33 3 NC, 2MM\C10,, .5A1, .1C S4BT (247 L1971 20 L
&6
e 19 1861 1 2¢ 3.0 3 Plc, MU CL0y, 342, .20 A62) 242 _t_;% 1L <23
me 19 3700 ] 10 2.0 |3 Juc, 2m,c10,, 3a2, .20 | .s68] a4 193] 270 |.s0
33
20 130§ 27 3.0 3 19C, 2M,Cl0,, (5AL, .1G ] .495) .24F .199] 20t 375
1l
o t-"“ 2450 ] 14 3.0 |3 e, amtcron, 5AL, .20 | Laes] .24 .200] 2 [ags
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PROIFCEENG phorsmacion foavee | mor foom  fur, v COMENTS .
bATE Ve I':"l. C"’::' ¥o ot (’:""""::‘T‘:‘fm | SPECIEACATIONS w | riess rRees  § pren
iy veme Jota Jrass Joome JUIA ] e fose boessee | st Jomtees
g in Loa

| na__ Jureme ] coars
’

Jne 21 4s0f o 3.0 INC, 2M,C104, .SAL, .1C AR5 F 200 209 ) W, .625

June 29 3o 10 375 3 ING, 20M,C10y, .SAL, .10 510} .243 .1901 ML 60

doe1r fioas) 1 | as | 3 lisc, amecroy, sm, 0 | .as1] 368 200f 100 |50 Tube fired
N1 intersdttontly,
iz oo} -~ J e ] - Joatinee JUNN DPYY B R O
) aeas fronln [ — | - Joetines JUNDE DPY™ PN RN
Jwme 20 {2300 ] 22 o | o Jwe, omcioy, sa,ie | aes] el ass] e [
k12
vt e 16 g by Le, omaoy, a0 | 22| e e fars Adspter blows oft.
ayy  fuaoefa Jao | o e, omero,, a1, 0 [ Laes] 244 20s| 200
aa
Joly 3 1200 ] —- .79 § 3 |Jimc, 2010, .5AL, 30 | .45} .22 .178) 170
1081
nyo  Jimel s Jao - o] .ad o] 2 s
1

Juiy 8 3950 ? 4.0 4 18C, 2MN,C104, (3AL, .1G 3.511 | .24% .187 . les

iy 9 AT - [ & fIRC, 2010y, LSAL, (30 |.400 ] .241

i

s - .

July 12 1%0 § 11 3.3 3 JInc, 2,010y .3AL, (30 ].504 } 247 ,204) o P--

Juliy 12 22%0 § - - - A6S § Uy e ] — 1.7 '
July 12 2L S 4.3 4 lllc. 2M,C10,, .5AL, (10 1.498 ] (247,108} —- .75
438 = .8
July 29 e § 9.3 13,9 3 Fllc. 2NN, C10,, .3A1, .10 ].502 | (244 .190F i f.o7 12 | - 1.67 17,50 Approxmate
- 2,30 31,200 | %4%0 vejocity-
. 3700 £¢. /e,

Y

July 22 r”l L 3.3 3 Pllc. 2, C10,.3A2, .16 510 §.2423 .177] 35¢ 0] 12 -~ 0,20 500 10

Tm‘l 0,58 14,200

July 22 l’"ﬂ ’ 33 3 INC, 2Mi,C10,, .3A10 .50 1,243] .102F oL 623 11 300 0.25 ]2,000

: a8 0.00 J4.200 | 6200

Juy 23 606 | 13 fas |'s  finc, amoc0,, s3a1, s10 fueso L2l ang] as foard a2 | -~ | 026 2,500 ] 4es0 | rare of progeciie

o1 “ 0.66 §4,200 shesred off in tube

My pwef a2 fao | e finc, 2mcioy, a1, 20 |Lase o2a2 26t f.a1§ 12 § ~ | 040 J4,200

48 0.62 6,000 | 4&dso

.180)
July 24 918 | 12 J4as |3 fe, 2mgci0, 0501, 210 [oaes faea] caei] 210 (374 12 | osoo | o.25 Ja,200 | asso
" Iy 121 fe,000

July 34 k!ll 12 1428 1 C, 2MK,C10y, .3A3, .1C [.485 ].245] .1 10, .31{ 12 1000 0.22 13,000

48 4,300 | 4680

ly 33 k430 L 4.3 3 puC, WM C10,, .5AL, .10 §,.521 |.242] .193} 26L S50] 12 feee- 0.29 6,000
B 3 30 &8 1.23 9,000 a1

[July 29 pe2e 1 13 4 3 gNC, 2 CLO,, .SAL, (1G §.49) J.244 198 261, g8 - J- oeer  Joreme §omen Adaptor blovn
oft

y 26 nsta - |- Unlined BN BTE] RSTEI B N 6L BECE CECi IRt e R
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PROIECTING PERETRATION JULAUCEH | BASK  1e10P JULT . AVE ,VFL.,
DATE LA "‘°""::'l‘fm | SPECIFACAL w0 | rrees PREQS | ATWN
LENG fLIA orprn YA WY st Jecrseg frsr Javers
July 29 N0, ¥a . mw |.eof 12} -- o ]as00 {3170
NG, 2m0,Ci0,, 3AL, oo Faze L2es | a8 0.75 ] 4,30
July 29 2340 | 17 — Unlined 242 ).282 26t farsd .- | - —— [N N
wyts  faer] 160 | Cnldned 287 [.243 6 Jef oo T e [ .
say sy e 160 | - Uniined 200 |.242 P B Y D T [
Mgt 1 J2057] %0 { 8.0 NG, 200,010y, 3AL, (10 [.440 [.246 m [.50] w2 0.15 [1,000
. 0.38 asi0
Asguet 1 17 Jeo0 e
INC, 2MLC10,, JIAL, .10 437 |.2e8 an. fno} 12 | 1000 {o.27  [3,000 [esso
it 0.15  }8.000
avgeet 3 fioo1 | 22 Unlined L4se f242 291 fars
favgwee 16 Janzo]1s a0 MG, 2KC10y, (SAL, .1G  |.498 |.249 26t {1.0] 12 f1,000 o.50 [7,000
@
dpar 16 fyo L Jao f1 e L497 248 26t f10] 12 fiso Jouse  [3,000 Jsooo
3 |we, a0, .34, a0 I $,300
amgwe 13 feo3s 15 fa.0 10, TWM\C10,, JSAL, .10 ].40% [249 2L J1.0
+
Avguwot 13 |mo 1 |40 1NC, 2kC10y, .IAL, .1G  |.445 {249 wL Jo.s
fauguee 16 fsm2 12 Je.o inc, 2x010, J3AL, .10 |.4A3 L2y s foofia foo Joar  soo  huoo
4 oo jo.s  Jaoo
3 b F\Tm "
vy heoo | 34 'nuuu 02
Im«-c 1 bus s }u-uw 242
ln.u 1 frer ] Pnuud 21
hoger 19 Baco lnnmu 22 .
avgest 20 Bo92 {14 a0 |4 Jwe, 210y, o3a1, 220 [osos fae 25 l.ss2] 12 h,000 lo.36 000
s [’s00 [o.s0 6500 |s3e0
Lugwer 20 Jo1e Jas  Jao |3 e, 2mc10,, .52, 20 [.as6 f2ee Y B 1.0 5,50 |6,000
I 1.8 8,000
huguee 1 32 s hne, 200,C10,, JSAL, .10 ].409 |.248 1 a1 1 0.4 |s,000
12v an
hwgmet 22 {4mziz0  [as InC, 2,010, .5AL, 3G [.514 L.249 a8 o) a2 062  |5,000
@ 0.5 Jeisoo 9,770
P"‘“' 2 [saoae M 2 NC, 2KC10y, .5AL, .10 12 0.2% 3,200 | 4,040
3 JNC, 2 Lead Mstde 467 20 ool @ 032 5,000 on stacions 1 & 2
oguet 23 Is227036  Ja.0 |2 Jame, 2 weaey, .Sm, 20 {477 [248 20 el 1 032 le000 |a2i0
) 1 K, 3 Lead Atde a8 0.67  [asoo | oa statdons L & 2
Yugwet 23 o2 Ja0 e INC, 1,00M,C105, (2x~104 {.437 |.249 1 0.50  |3,500 |e,%0
«SAL 48 .13 6,000 on atations 1 § 2,
poguat 23 Jansf1e  Joo NG, 20 €10 , .S, .10 |.%02 L.2¢e 12 0.60 3,500 N
- ) D “ 068 frooo Je,3%
It 0.3
aguet 29 P73 117 4,0 NC 471 .20 18 |62 22 0,51 p,500 |4&,600
| QL] ) B L a 0.2 ’:m ¢
WC, 2KC10,, .SAL, .10




e
A

R

s P

224

X I1NG 5 o ¥ N JVEL,
oATE ve v Jooar- | w0 or PROPELLANT Ploltclcxg PENFTRATIOR l:ghl :::E’ (LN ‘;"IIQS A:E‘”\:hl CINN TS
Loradl fu COMPASTTION VENG J U1 JHASS oA | 1N st Jravees
hn...m-...PLﬂL,.W’ 8 £l il DL TN % LI a1 Loa.
Mugut 29 14 0.1 1 linc 439 §.252].190 12 0.1% 3,300 4,000 )
NG, 1,00 CL0y, .2%-104 BI1) & f,200 0,00 1,000
. +SAL
Augvet 30 [sat | 24 4,0 1 e (427 | .249].197 12 0.23 2,300 s, 360
NG, 1.0MH 10y, .2:;1“ 363 It 0.88 | 6,000
.8
| Amgeet 30 17 4.0 1 e *
3 liwc, 1.9mCA04, (2%-104 ] .432 .240).203 1 .25 D628
R s
Septusber 2 19 A0 | 2 |inc, 2xctOy, .SAL, .10 WA .249f.206 | .25 |.e28] 12 [i,000 }o.29 3,500 {4,400
1nC, 1.8MR,C10,, .mm. 373 48 1,000 lo,78 3,000
ptosher 2§3940 § 13 40 1 2 Tec, 2xC104, .5A1, ,10 437} 200) 204 1 28 ].e28f 12 250 (0.3 2,300 4,400
1 |inc, 1.8 micloy, .;x—m 37 I} $00 {0.00 4,500
A1
[ septeshor 4J6373 | 14 4.0 2 linc, 2H,C10,, 3A2, .16 [ .A26}.249] 201 ] .23 }.623] 12 150 {0.50 770
2 Jinc, 1.5Mmc10,, .SK-104, 36 1] 1.67
16
septenbor S{at00 1 24 40 1 finc, 2Kc19, (5AL, (10 A6 L 209] 2288 128 fL378] 12 0.08 4,50 [,200
. 1 jinc, 3 Lead Astde an “ 0.5 4,000
1 inc, .80 ‘
[eptonter 5]4043 3.3 2 finc, 2¢c104, .3AL, 20 38§ 12 206 | a7
1 {ixC, 3 Leed Acide 339
1 Jixc, 20
Sogtomber 6 U916 | 14 3.5 2 Jivc, 2KC105, .3A1, .10 432} .24 200 ] (28 S0 a2 0.22 4,000 |,200
- 1 {inc, 1.3 M C10,, .9 X-104 . T 1.29 4,000
5A1,.10
1 o 3KC105, 3%-104,.5A1, .
.10
{septonter ‘Pm 14 3.0 |2 |wc, 220105, .5A2 437§ .249] 501 12 0,10 3,000 §4,500
2 NC, 2KC10y, 1X-104, 48 0,68 4,000 .
AL, W10 .
Septanber 9| 739 10 2s 1 e, w10y, M 435 ] .24 200 12 750 fo.28 3,000 | 3%
2 fmc, 2xC10,1x-104 i A3 0.40  }4,000
SAL, .10
Jsere. 10 |s1e3) 14 3.3 ] 2 hiwc, 2xC104, ,9AL BLF LT STTR BT 375
2 liNc, 260105, 1X-104, 397
AL, .10 |
sopt, 10 2008) 14 3.3 2 , 2KC105, .%AL, .16 437] 24 204 12 0.38 3,500 [6,930
2 ec, 2KC105, 1X-104 357 1] 0.9 4,500
SAL, 16 ‘
sopt, 11 1338] 14 1.0 3 e, 2KC10y, JSAL 46 ) (244 ,196
RNC, 1.8MH,C10y, .2X-104, 30
SAL, L10
{sept, 22 “12] 14 .15 {1 A Jh14f 20 (212) .28 629 12 {1,000 P.%0 500 5,000
3 Bxe, 2xC104, JSAL 1 48 {11,000 .43 800
2 Bnc, 5,004,104, (2%-164,
«SAY
saps, 12 69397 14 &3 |2 [NC, INH,C10,, .SAL, .10 | (473] ,249 .212) .28 Jas] 12 b.s1 650 14,410 Aapter 0ltd
2 NC, 1.0HHCLO,, .2X-164, . T .98 200 sack 1 inch,
AL, o210
Jeerr. 12 3376 &% 12 Jnc, mNmC10,, (341, .10 | .441) L249 .nzl .25 629 12 .46 500
3 INC, 1.0, C10,, (2%-16h. 463 0 s00 b.na 950 4,640
. AL, (10 12v p.73
.207
Jeepe. 13 6306 1 14 4.0 3 NC, 2KC10y, .3AL .25 629 12 0.58 5,700 {4,300
d.° 2 NC, 1,8NH,C10y, .2X~264 | ,438 §.249} A 1.28 ‘:m *
. SAL, .16 ’
LEPAVR N




-~
oATH vir {ra Jeoar- | vo or PROPELLANT mulm . JrruEiRALton :,:gcu m\sr. <1 0pp !m. : [AvE vt L COMMENTS
rrEss | 1M COMPOSTTION " - FRFSS TRESS gwu.
Loa vremi | coats T veern JPA B ™ Qs Beissec P30 featee
Sept. 13 [3032 4.0 3 finc, 2xctoy, .3A1 A28 125 f.ors) 12 | 150 0.25 6,000 Blest chasber
2 |txe, x.m.cxo;h.zx-m. %6 48 | so0 1,00 6,000 | 4,110 | blown bact 4 inches .
5L, 10
Sept. 16 J6s00 | 18 A0 3 finc, 1.3 ox A0 ] Juaef 207 ] .25 .62y
2 fINC, 1.8WH,C104, .2X-164, Yy
+SAL
K] Sept. 17 Jes0s | 14 (%} 2 finc, 2xC10y, JSAL AN | g 207 25 628 12 0,15 [3,700 3,000
< 3 JINC, 1.8NH,CLO,, .2X-164 111 48 2,00 18,000
e .SAL "
3
E Sept. 17 J6306 | 14 4.0 2 Inc, 2%C104, . AL A% ] 29 .207) .25 .62y 12 Q10 0.60 15,000 [s,360
L 3 JINC, 1 B, C10,, .2X-164 1393 48 |s00 1.4 ]s,000
+SAL
Sopt. 20 fezm7 ] @ 3.9 3 fINC, 1.8MN\C10,, 2X-164 JA17] 249,212 .23 |.e29 12 0.42 4,100 4,670
JSAL 380 a8 115  |}s,000
NG, 1,8MM,, C'0,, .2X-164
AL, W10
Sept, 20 {a222]| o 1.3 3 finc,2mm,c10,, SAL W oaed 2007128 379
. INC, 2MH,C104, JSAL, (2X- axn
164, .10
Sopt. 33 {6306 ] 12 5.0 t  limo, 2mm,c10,, .5A1 Seo) g c218] 25 fe2s 0id wot
3 e, 2 cto , a1, % erigger
. 12%-164
sept, 23 Jarar§ 13 4.0 2 f1NC, 2MH,C10,,.5AL A96f.249 ] 213 12 Mo traes
3 e, 2w 10y, .SA1, 311 48 1.0 10,000 on N2,
2X-164 .
sept. 24 |2128] 12 4.0 3 {akc, 2mC10,, 500X, . | Lar7).209] (219 12 Ja1,600 fo.18 6,400 14,700
1 +5AL 36 48 1.20 8,000
ING, 1.7,C10,, . 3X-164
JSAL
seps. 3¢ [2073 ] 120 4.0 3 Janc, 2amicl0,, . 7900X, LA66].249] 206 12’ * .28 4,200
1 <AL 380 48 1,00 10,000 J4,700
1 JING, 1.7M8,Cl10,, .3¥-164, .
+SAL
Sopt. 26 [ ]l 11 4.0 3 lIne, 204, C10,, .5AL A030.249] J214) (25 f623) 12 1,600 | 0,40 9,000
1 jike, x.m.clo..siax-m. 81 48 1.30 10,000 '{%,000
SAL -
Sept. 26 {3100 11 4.0 3 linc, 29H,C10,, .SAL .503] .249} .21 12 0.42 6,000 Trace triggerad
1 {imc, 1.7M,C10., .IX-164 T 1] 1.3 4,000 early
.SAL
Sept, 37 1 3.3 2 jIKC, 2KCl10y, .3A1 Wnj.2e8f 21 12 0.50 4,800 5,000
2 JInc, 2xC10y, 2 Lasd Astde . BT 110 6,400
10, L3A1,
X164
Sept. 0 1999 } 22 5.0 2 JINC, 2KC10 , ,SAL .ns! 249} 20 12 {1,600 § 1.60 8,000 6,250
3 finc, 1.8M4,C104, .2X-164, - As 2.60 10,000
+SAL
Sopc, 30 [1a12 } 10 5.0 2 liNc, 2KC10y, .SAL ~ 996 .249] .21 12 fi1,600 | 3.00 Ji0,000 ]6,000
3 fiNC, 1.8MH,C10,, .2X-164, 5] “ 2.5 0,000
b . JSA
L October 1 f2506 | 14 3.8 1 FINc, 2xC10,, .SAL 519 249 .zx; 12 0,66 3,000 15,700
% 3 fine, 1,8M,C10,, .2X-164, 3 TR 0.20 1,%0 .
A - JSAL
e .
ke octotar 2 J2021 ] 12 3,75 | 1 |amc, 2w ct0,, .%A2 514 249 20 A Triggered
N INC, 1.0NH(C10y,,2X-164 . M satly
. - SM
Béinui 1715602 § 14 2.9 3 Jinc, 1.0MN,C10,, (2X-1 .300f.240 § .226] .25 378] 12 D1d sot
” , «3AL, .1 407 48 [).30 lﬂ.l.oo trigger

¢
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_ PROLIING PENFIRATION ROAUGH | BASE  dstore luu . AVE VL, COoMMUNTR
DAHF ver fram  JOOAT N 0} m\rn.lfn | \PECILICAT - RINE RES o
Pagss | 190 CORPOST1TION » o oLy
taa | om  Joremn ] coats VENG UIA JASS Joppqy JURA 1IN fpgt  focismre frsr pATY
Oatober 18§ 69011 34 [ 1 e, 1.0mctoy, 2:-16a, { .403L2a8, .200] .28 Jeas] A %o Dete
S BN il
oetober 22[3173] 20 | 4.3 | 1 Jire . wwlaae]anf 1z bas| 12 Teiggered late
¢ FINC, 1.0,C10,, (2X-164 ny 48
AL, 0
Sov, 23 sisf o 2.0 & Finc, 1mClo, .4%0f.248] 202} .373 613} 14 3,50 | 3,500 Gsugs #103
X ] 4,000 {4,000 ¢4 not work,
~ 56 3,000 | 3,000 .
133
Nov, 24 ’ 3.0 1 Jwe JS68f.240] .207 18AA 0.70 6,000 Gauge #1093
) INC, 2MyC1O, . k7] 0.40 8,000 did not work,
3 [1nc, 1MM,C10, S6AA 170 16,000
108
Dec: ¥ ] &0 t e $v7].241] 208 18M0 1,00 ho,000
7 |inc, m cr0, X} k1] 0.50 e,000 |9,000
S6AA 1.00 k0,000
108 0,20 4,000 {6,000
Pas. 10 ers2] 0 3.3 1 fixe S42] . 241) .a94] .31 [e2s) rean 1.00 f16,000 }4,600 {035 & 0108
3 Jine, mmcle, 457 S6AA 2,5 18,000 not veed,
6 Jaimc, 3m,C1G,, 1X-164
Dee, 16 sor] o 2.0 1 fee 873281 .220[ 375 |.625) uAa 130 16,000 [3,800 |#103 ves bad.
2 §1INC,1.80C10,,.2%-164, . 32 0.50 8,000
A1, .10 S6AA 1.00 4,000 |}3,000
3 ]inc, IMLCL0, 103
.
Das, 16 1 [ X 1 e .836] .261] . 204] JUIVY 1.60 4,000
3 ]1inc, 3Mu,C10, s 1 1.40 {16,000
. §  |imc, 2WMH,C10,, 1X-163 S6AA ‘1 0.60 4,000
108 0.40 10,000
Des. 10 7] & 3.9 1 fwe 52 £207]
s linc, 1.0m,010,, 20-264 : Dats Bad,
1 {ive, 1m,810,, 1%-164"
Tob. 28 220] 28 1.3 3 nc, 3,6m00;, A%0 | .248] .17 25 {978 Pressure gauges
198164 . ot used.
Hareh 8 1542 7 1.0 3 {4nc, 3.7%-164, 400 | .242} ,20: 12 }1,5%00 Jo.66 6,400 | 6,000
11.3 M0y i &8 0.% 4,000
March 10 3.8 3 {1nc, NE164, 3KNOy .60 | .208] 23 12 1.00 4,000 {5,300
. A 0.8 4,000,
spesi2¢ fac0o] 8 [s0 | 1 fuc A6 ). nd 28 s a2 ' Did not trigger
1 |30y, 3mies, 1 PvC . 1]
artl 24 faere} a8 [ %} 1 |xc 857 | 242 .20 .25 f.25) 12 Did not crigger
2 |0y, JM8A6A, IPVC . 4
sprsd 2% f3000] 28 [ 1 |me 487 4490 200 .28 f.as} 12 | 1,500 f2.50 11,000 {4,200
2 |3xmnoy, 3mS164, 2eVC & 48 2,00 10,500
April 2% 2300§ 2: 6.0 1 {wc 20 ._% 12 | 1,500 |5.00 10,000 [ 3,400
2 |3xmoy, Imr64, 2oV . 48 3.00 13,000
Aprsd 29 [aeo0f 23 3.9 1 |30y, Ne164, 10vC 26X .606 10AA 2,00 6,000 § 3,000
kY] 2,00 6,000
april 30 [ewr6) 23 1.0 T 3NN0;, ME1ed, VG J435f 243 298] 25 |ies]az 1.20 8,000 | 4,200
303 “ 5.00 11,000
Moy § 1 [K) 1 I 249 604 1 2.00 10,000 { 4,800
2 §3K0i0y, IMele4, 1PVC 48 3.00 14,000
ey 13 7.0 1 Iwc
1[Im0, Im164, 1PYC L6043 | 248 856 12 3.00 5,000 | 4,300
. 48 2,00 4,000




PROJECTING

PENETRATION JGAUGY § BASE LOPE T. VE,VEL. COMMENTS
DATE VEL [TANK JCOAT- | NO OF PROPELLANT 1CAT " PRESS kLRESS BTWN
PRESS | ING COMPOSITION LENG | DIA " W m. . ps1 leavers
anfoa_ e § corst e n__ifg DEPTH ps1 Jest/omc LeEs.
21 May 35391 7 3 1 15% PVC <70 J.243).359] .25 L 25 Nylon-spring proj.
42,52 MS164 Afterbody broke
42.5% KNOS off proj.
No press. developed
25 July 3491 1 5 2 157 PVC +670}.242 B.11 § .75 .25 Steel-spring proj.
42.5% MS164 Gages did not
42.5% KN03 trigger
29 July 31301 6 5 2 15% PVC .6595.240) .745] .375 L375| 12 1000 5.0 8000 3000 {Spring-Rive: proj.
42,52 MS164 48 1600 5.0 4000
42.52 KNO3
30 July 45591 6 5 2 152 PVC .4514.2421 .360] 125 25 12 1.0 5000 4000 |]Traveling charge
42.5% MS164 48 1.2 5000 peos.
42,52 xm3
('15 Aug. 6 4.5 2 10% PVC .650].2421 .243 12 5.0 4000 5000 |[Nylon-spring proj.
1]
45X MS 164 48 2.5 4000 Afterbody broke
452 KN03 off proj.
Press. due to
shock front
21 Aug. 7 5.5 2 102 PVC .629}.243] .539 12 500 1.5 8000 1400 [Nylon-stud proj.
45% MS164 48 500 5.0 10,000 Afterbody broke
45% KN03 off proj.
Press. due to
shock front
27 Aug. 9 4 1 10% PVC .548).240] .413 12 1.25 5000 2000 {Traveling charge
45% MS164 48 2.5 5000 proj.
452 lCNO:’ Tube fire ahead
of proj.
29 Aug. 8 5.5 2 10 PVC ~4521.242} .550 12 1000 1.0 8000 Nylon-stud proj.
30% MS164 48 Aftexbody broke
60% moa off proj.
5 Sept. |37%9] 9 4 2 102 PVC .65 1.242] .70 ] .25 1.0 Spring-Rivet proj.
30% MS164 Gages didnot trig-
60% KNOa ger
23 Sept. € 4.5 2 19% PVC .622}.242] .55 12 .33 2000 4400 |Spring-Rivet proj.
45% M5164 48 .20 2000 Proj. hit flapper
452 n¢03 valve
26 Sept. §3084% 8 3 2 102 PVC .677).2421 .59 ] .375 |.375] 2 0 0 Spring-Rivet proj.
452 MS364 48 W22 1000
452 KNO.
3
1 Oct. 8 9 4 10% PVC 743} .232] .60 Spring-Rivet proj.
452 MS164 Proj. hit flapper
452 XNO3 valve
Gages did not
trigger
3 Oct. 8 8 4 102 PVC .672] . "12} .55 12 5.0 10,000 5550 |Spring-Rivet proj.
45% MS164 48 2.0 10,000 Proj. broke up.,
452 K.N03 Press. due to
shock front
14 Oct. 8 8 5 10Z PVC .616f . 232} .497 12 5.0 12,000 5550 ]Spring-Rivet proj.
45% MS164 /8 2.5 10,000 Proj. blown back
45% nw, Press. due to
shock front
16 Oct. 8 5.5 3 102 PVC .qu .237F .454 12 3.3 1.,000 Spring-Rivet proj.
45% MS164 48 Proj. blown back
45% KIIO3 Press. due to
shock fromt
17 Oct. ] 7 4 10% PVC .60] .232] .40 12 3.3 8000 5500 |Nylon-spring proj.
45% MS164 48 1.6 8000 Proj. head broke
452 X%0 3 of £
Press. due to
shock front
27 Oct. 8 7.5 5 102 PVC <379 .232F .25 12 500 10.0 12,000 5000 {Nylon-conical
45% M5164 48 2.5 10,000 base proj.
452 nlo3 Proj. tom up, hit
flapper valve.
Tube ficed ahesd
- after half way
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PROJECTING PENETRAI'ION JGAUGH | BASL ]SLOPI: LT. JAVE.VEL. COMMENT,
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29 Oct. 5384 9 9 5 jiox pvC «338}.231 § 218 .25 3151 12 1000 5.0 10,00c | 4700 Nylon conical base
45% MS164 48 500 5.0 10,000 proj.
45% KN03
10 Xov, 6 9 8 jioz pvC No. proj. used.
45% MS164 Purpose was to
45% KNO3 measure shock
effect. Gages
did not trigger
shock vel., =3122
fps obtained
from vel.
station
11 Dec. 6 8.5 6 {10% PVC .4681.232 }.290 12 1.0 12,000 | 5500 Nylon-staple proj.
45X MS164 48 1.0 10,000 Tubed fired ahead
452 Ko,
17 Dec. 6 10 9 §10% PVC .613].231 }.415 12 1000 5.0 15,000 | 5550 Nylon-staple proj.
45% M5164 48 1000 5.0 10,000 Head broke off
452 xno: proj.
Press. due to
shock front
19 Dec. 6 10 6 f10x #vc .80 {.231].685 12 | 1000 5.0 }12,000 § 5500 {Nylon-staple proj.
45% MS5164 48 10.0 8,000 Tube fired shead
45% 10!03 Press. due to
shock fromt
7 Jmm, 6 9 5 §10% PVC .690§.2314.425 12 1000 4.25 | 15,000 | 6000 Nylon-staple proj.
45% MS164 48 1.25 | 10,000 Tube fired shead
45% mo3 Press. due to
shock front
22 Jan. 6 9 5 §10% PVC .498H.231 .348 12 1000 2.5 10,000 | 5500 Nylon~staple proj.
45% MS164 48 1.6 8,000 Tube fired ahesd
452 Kll()3 Press. due to
shock front
Z reb. 6 10.5 8 §10% PVC .483].227{.322 12 1000 2.0 11,000 § 5550 Nylon conical
452 MS164 48 1000 0.5 7,000 base proj.
452 neo3 Proj. blown back
Press. due to
shock front
10 Feb. 7 9 7 J§15% PVC .430§.2271.22/ Nylon conical
42.5% M5164 base proj.
42.5% mo3 Proj. blown back
24 Feb. 8 8 5 {§15% PVC «354}.2271.200 Nylon-conical
42.5% MS164 base proj.
42.5% KNO3 Proj. broke up
Found in Exp.
Chamber
5 May 8 5 5 [J15% PVC .680|.239 .15 Nylon-conical
42.5% MS164 base proj.
42.5% KNO, Proj. hit flapper
valve
4
11 May 5057 8 9.5 9 115% PVC «339).228}.22 .125 1375 Nylon-conical
42,5% 4S164 base proj.
42.5% KNO Adapter blown off
427,00,
18 May 4977 9 10 10 {15% PVC +5958 .228].430 .375 LS50 Nylon-staple proj.
42,5% MS154 Adapter blown off
42.52% KNO,
{ceon 427,°w
22 May 8 10 15% PVC +567 .227§.332 Nylon-staple proj.
N 42.5% MS164 Staple dia = .237
42.5% IIIO3 Adspter blown off
on 427,°AL
27 May 8 10 9 J15% PVC <50 } .227}.305 Nylon-staple proj.
42.5% MS164 Staple dia = ,238
42.5% lllo3 Adspter blown off
Proj. hit flapper
valve
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. - | No oF ROPELLANT : y
VATE VEL ::Na:s '“‘;:; N :om’osrrum SRECLELCAL #0 | press PRFSS | BTUN
fos orPTH | coaTs ik o PO° Joeern I3 L™ dest Jsissmc f RSt JOAGES

5 June 13 11 11 1152 pve .585 §227 1.373 LNylon-anple proj.
42,5% MS164 Staple dia = ,238
42.5% 10103 Adapter blown off
Geon 427,7AL Proj. hit flapper

valve

13 Aug. 5037 10 [ 10 12 §15% PVC .564 1227 322 | .25 |so Nylon-staple proj.
42.5% MS164 Staple dia = ,239
42,52 KNO3 Adapter blown off
602 Geon ~427
40% AL

ﬁ« R ad N




